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ABSTRACT

The ICARUS membrane photobioreactor, conceptualized and preliminarily tested at the University
of South Florida, provides a viable platform for algae cultivation using wastewater as a growth medium.
Progression of the technology is tracked using NASA’s Technology Readiness Level scale, and is herein
described. Through the work described in this manuscript, the technology has evolved from TRL 3 to
TRL 5. Completing the suggested future work will readily move the technology to TRL 6 and beyond.
The first study investigated the co-location of algal cultivation with wastewater treatment. This
coupling provides a steady source of water and nutrients for algal growth. However, wastewater
microbiota has the potential to positively (through symbiosis) or negatively (through grazing or
competition) affect algal growth. A wastewater sample was collected and filtered with two membranes;
the four series were: unfiltered control, microfiltration (MF- 0.1μm pore size), ultrafiltration (UF- 40kDa
MW cutoff), and growth media as reference. Cultivation was conducted with diurnal lighting and
temperatures simulating Exeter summer (i.e., 16-hour days with13-20°C temperature extremes). Nutrient
removal and growth rates were comparable for all growth mediums. However, high-resolution growth
curves show differences in diurnal growth fluctuations, with MF series having the largest daily changes in
growth curve amplitude. The OD fluctuations suggest diurnal changes in cell size, composition,
morphology or agglomeration. While the exact causes for these diurnal density fluctuations are not
currently known, there are several finding implications. First, single daily growth measurements miss
significant oscillations in growth and may lead to misinterpretations of crop density. Second, diurnal
fluctuations in algal density may suggest optimal times of day when harvesting is most efficient.
Successful results from TRL 3, described in detail in a previous doctoral manuscript, led to more
aggressive experimentation and assessment of ICARUS membrane performance. Mass transfer
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experiments were conducted to assess the relative effect of membrane diffusion, mixing, and neither (i.e.,
suspended control) on algal growth at this larger reactor size. Membrane separation has proven successful
at maintaining physical separation between the algae crop and its predator, in this case, rotifers. Further
testing of the system will include emphasis on enhanced algal growth for better biomass production.
Results from mass transfer assessment yield insight into the need for backwash or mixing, and
establishing a time to harvest parameter. Crop protection was tested against known algal predators.
Further lab testing investigated crop protection effectiveness and mass transfer through the membrane
over time. Crop protection capabilities were tested in the lab using two membrane types and pore sizes
(50kDa PVDF and 7μm Nylon) against a common algal grazer, the rotifer. Membrane separation has
proven successful at maintaining physical separation between the algae crop and its predator, in this case,
rotifers, and further testing will aim to enhance algae crop yields within the system. Preliminary
membrane foulant analysis was done using confocal microscopy. This testing revealed that cells were
settling at the membrane surface; limited-conditions are likely contributing to cell death closest to the
membrane surface suggesting the need for better mixing within the reactors.
The next phase of this testing required reactor redesign and scale-up in order to move the
technology to TRL 5 and beyond. A new prototype reactor was fabricated in-house using a vacuumforming process. This new prototype incorporates a tapered and two-panel membrane bottom in an
attempt to enhance algae harvesting and minimize membrane fouling. The new functional volume is 2.5 L
compared to the 80 mL proof-of-concept jar used in TRL 1-3 testing. These new prototypes are tested and
compared to the previous reactor iteration in the lab and outdoor tank setting with simulated wastewater,
and then onsite in a municipal wastewater treatment plant clarifier. In the lab setting, the ICARUS
reactors tested, both jars and prototype, outperformed the suspended control when comparing both culture
density (jar, 0.328 g L-1; prototype, 0.307 g L-1; control, 0.208 g L-1) and day 0-5 specific growth rates
(calculated based on OD taken at 680nm) (jar, 0.367 day-1; prototype, 0.476 day-1; control, 0.342 day-1).
Similarly in the outdoor tanks, the ICARUS reactors tested, both jars and prototype, outperformed the
suspended control when comparing both culture density (jar, 0.682 g L-1; prototype, 0.320 g L-1; control,
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0.108 g L-1) and day 0-5 specific growth rates (jar, 0.343 day-1; prototype, 0.230 day-1; control, 0.207 day1

). WWTP cultures achieve nearly a 6x higher density and 10x higher percent solids. Both the jars and

prototypes achieve comparable performance in the lab and outdoor setting, but enhanced performance is
documented when grown in the wastewater. This enhancement is much more exaggerated in the
prototypes likely due to the larger membrane surface area allowing for greater influence of WW water
quality characteristics beneficial for algal growth.
This body of research describes a functional algae cultivation platform successful at the TRL 5
level. With further work and testing, it could sustainably support algal cultivation, not only in the
wastewater treatment plant setting, but also in any water body with suitable water quality to support algal
growth.
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CHAPTER 1: INTRODUCTION

1.1

Research Motivation
Globally, approximately 2.5 billion people lack access to adequate sanitation. With a continuingly

increasing global population, the demand on water resources will also continue to grow, stressing the
current infrastructure to new extremes (U.S. Environmental Protection Agency, 2012; World Health
Organization (WHO), 2006). Within the next 50 years it is predicted that more than 40% of the world’s
population will live in countries facing water stress or scarcity (World Health Organization (WHO),
2006). This threat of water scarcity is more local than many think, with severe drought affecting more
than a third of the U.S. in 2012 (U.S. Department of Energy, 2014). In order to combat this imminent
threat, water reuse will need to become an integral part of sustainable water management (U.S.
Environmental Protection Agency, 2012). U.S. flows of energy and water are intrinsically interconnected;
water is critical to production of many forms of energy, and energy is required to treat and distribute
water for human use (U.S. Department of Energy, 2014). Conventionally, wastewater treatment has
focused mostly on the removal of undesirable constituents. However, a new trend of resource recovery
from wastewater emphasizes the intrinsic value of wastewater. As of 2006, more than 10% of the world’s
population currently consumes food produced by irrigation with wastewater (World Health Organization
(WHO), 2006). These current practices do not follow regulations provided by the Clean Water Act
(CWA) and therefore do not maintain adequate human health and safety. However, with betterengineered practices, wastewater reuse for crop cultivation, including algae, can drastically reduce the
energy demand for agriculture while incorporating smarter water resource management.
This body of work aims to address these needs by developing a technology to safely and effectively
use wastewater, or other low-quality water streams with suitable water characteristics, as a medium to
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cultivate algae for biofuel or bioproducts, while reducing energy and chemical consumption for the partial
treatment of these waters. With success, this approach could potentially be expanded to cultivate other
crops with huge implications for the improvement of water resource management.
1.2

Controlled Algae Cultivation and Associated Factors
Algae have evolved to maintain order in natural water quality; the organisms are very efficient at

up-taking nutrients from a water source, as observed in algal blooms in the environment. Harnessing this
evolved metabolism in controlled systems has the potential to greatly improve water management
practices on a global scale. In order to do this well, all necessary parameters to support algal growth must
be first understood.
1.2.1

Understanding Algae in the Natural Environment
Algae are some of the oldest organisms on this planet. As oxygenic phototrophs, algae provide a

significant portion of the oxygen in our water bodies and in the atmosphere (Rittmann & McCarty, 2012).
Though algae are naturally occurring and critical to a balanced ecosystem, uncontrolled algae blooms can
create significant environmental problems. An increase in nutrients, such as nitrogen and phosphorus, in a
water body can result in an algal bloom of varying magnitude.
Algae blooms that cause destruction are commonly referred to as harmful algae blooms, or HABs
(Lapointe, Herren, Debortoli, & Vogel, 2015; Ohio Environmental Protection Agency, 2015). In natural
water bodies, algae blooms can decrease water clarity, decrease shoreline property values, and create
floating mats, which interfere with recreational activities, such as boating and swimming. Algae in
influent drinking water sources can clog filters at the treatment plant, lead to taste and odor problems, as
well as potentially produce toxins that affect humans and other animals (Ohio Environmental Protection
Agency, 2015; Rittmann & McCarty, 2012). One of the most detrimental outcomes of an algal bloom is
the eutrophication of a water body. Eutrophication occurs when the available nutrients in the water body
can no longer support algal growth, and the algae begin to die off, resulting in the depletion of dissolved
oxygen in the water. Low dissolved oxygen levels will then result in the death of other aquatic life,
including plants and fish species. The excess nutrients that cause algal blooms are often from unnatural
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sources; therefore, reducing nutrients, such as nitrogen and phosphorus, in anthropogenically-produced
water discharges to the environment can prevent HABs in natural water bodies (Rittmann & McCarty,
2012; Viessman, Hammer, Perez, & Chadik, 2009).
1.2.2

Gas Exchange for Controlled Algae Cultivation
Gas and nutrient delivery are crucial parameters for any algal cultivation system. It is important that

ideal growth conditions are provided, and not impeded in any way. Much research has been done to
assess gas and nutrients needs of algal cultures, as well as the corresponding techniques to ensure these
needs are met.
Sufficient gas exchange within a controlled algae cultivation system is of paramount importance
and must be accounted for in any system design. Carbon delivery can be of the gaseous form, carbon
dioxide (CO2) or of the dissolved aqueous form, carbonate or bicarbonate (Posten, 2009). For any system,
simple diffusion of carbon dioxide from the atmosphere (0.04%) into water is too slow to support algal
growth (Suh & Lee, 2003); compounding this issue, in open systems CO2 sparging can result in up to 8090% loss to the atmosphere (Ojanen, Tyystjärvi, Holmberg, & Ahtila, 2014). Based on stoichiometry,
algae require at least 1.85 g of CO2 per g biomass and this value can vary depending on the alga (Posten,
2009); Chlorella sp. can assimilate carbon dioxide at concentrations up to 100% saturation (Judd, van den
Broeke, Shurair, Kuti, & Znad, 2015). For any alga, carbon utilization and assimilation is a function of
light intensity, biomass concentration and volume, and biomass retention (Judd et al., 2015), and so, for
maximum carbon uptake, all of these parameters must be taken into account. Besides carbon delivery, it is
also very important to have sufficient removal of oxygen within the cultivation system. Oxygen inhibition
can occur after only one minute (at or above saturation limits) without gas exchange (Christenson, 2011;
Ojanen et al., 2014; Posten, 2009; Suh & Lee, 2003). Two proposed solutions for effective gas exchange
are to 1) increase turbulence within the reactor, and 2) induce oxygen stripping with the bubbling of air
(i.e., degassing zone) (Ojanen et al., 2014; Suh & Lee, 2003). Very limited research has been done to
investigate the gas exchange efficacy using gas delivery through a porous membrane, but preliminary
results are encouraging; diffusion based on concentration gradients (as well as other factors) encourages
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carbon dioxide to be supplied and oxygen to be removed, as needed based on algal respiration (Ojanen et
al., 2014).
1.2.3

Nutrient Exchange for Controlled Algae Cultivation
As with any living organisms, nutrients are required for cellular metabolism. In particular, algae

may secrete auto-inhibitory compounds when the major nutrients are exhausted (Suh & Lee, 2003)
leading to significant decline in the culture. Normally, the nutrients of most importance for algal growth
are nitrogen and phosphorus. Depending on the alga, nitrogen to phosphorus ratios can range from 4-40
(Christenson, 2011; Park, Craggs, & Shilton, 2011; Slade & Bauen, 2013), with the Redfield ration of 16
being commonly accepted (Redfield, 1958). In addition to nitrogen and phosphorus, there are many other
nutrients required for algal growth; a composite list of macronutrients and micronutrients is provided
(Table 1.).
Table 1.1: Nutrients required for algal growth a
Macronutrients
Micronutrients (trace amounts)
carbon, nitrogen, phosphorus, hydrogen,
iron, boron, manganese, copper, molybdenum,
oxygen, sulfur, calcium, magnesium, sodium,
vanadium, cobalt, nickel, silicon, zinc, and
potassium, and chlorine
selenium
a
Information in this table from (Christenson, 2011; Cummins, 1973; Suh & Lee, 2003)

When considering wastewater as a growth medium, to add additional nutrients for algal growth is
inefficient. Therefore, understanding the limitations of wastewater as a growth medium is required. Based
on the findings of Christenson, the micronutrient supply in wastewater rarely limits algal growth
(Christenson, 2011). Research has shown that carbon is the rate limiting nutrient for algal cultivation in
wastewater (3–7 C:N ratio in sewage versus 6–15 C:N ratio in algal biomass (Park et al., 2011)). Based
on an algal nitrogen to phosphorus ration of 16 and a medium strength wastewater source, there is enough
nitrogen and phosphorus to produce 0.6 g L-1 of algae, which for the entire United States wastewater
supply would total 77.6 million kg day-1 (Christenson, 2011). During algal cultivation, nutrient removal
from wastewater streams is dependent on uptake rates of the algae; a maximum uptake rate of ~4-5 mg L1

day -1-N and 0.4-0.6 mg L-1 day -1-P has been reported for both a classical stirred tank PBR and a
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membrane PBR operating at a 2-5 day hydraulic residence time (HRT) (Judd et al., 2015). Similarly, as
with gas exchange, very limited research has been done to investigate the nutrient exchange using
delivery through a porous membrane. Preliminary results indicate that this technique can achieve
sufficient delivery within one hour, but also that the membrane can affect the diffusion rate of particular
species (e.g., ammonium diffused more slowly than nitrate, even with comparable diffusion coefficients)
(Ojanen et al., 2014). This finding suggests that diffusion rates of nutrients through the membrane should
be accounted for during reactor design and testing.
1.2.4

Membranes for Mass Transfer Delivery in Algae Bioreactors
Membranes for the delivery of nutrients and gases gas been investigated for the controlled

cultivation of algae biomass (Ojanen et al., 2014). Membranes not only allow for controlled delivery of
required constituents, but also have the potential to allow for better mass transfer of compounds
supporting culture health. This is due to the membrane-induced concentration gradient encouraging the
diffusion through the membrane based on culture needed. For example, if a depletion of a required
nutrient occurs within the culture, more will be encouraged to diffuse through the membrane to reach
equilibrium even without pumping, the same will occur in the reverse direction with an accumulation of
an algal waste product. However, membrane fouling can dramatically reduce this mass transfer and so,
needs to be reduced and mitigated for optimal algal growth. Based on literature findings, membrane
photobioreactor fouling is expected to require control techniques to achieve adequate algal growth.
Because of the unique configuration of the technology, a biofilm can be observed on both sides of the
membrane (i.e., background water side, and algae side)—a duplex biofilm. There are many constituents in
both algal cultures and potential feed waters, including wastewaters, that are known to foul membranes
(Howe, Ishida, & Clark, 2002; Lasch & Naumann, 2015; Meng, Yang, Shi, & Zhang, 2008). Any fouling
of the membrane (on either side) can drastically affect the mass transfer of gases and nutrients across the
membrane. Therefore, it is important to better understand the foulants that are accumulating and how
these foulants affect algal growth.
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Membrane fouling is a significant barrier with the use of membranes for bioreactors. Due to the
mass transfer through the membrane, membrane foulants occur via attachment, accumulation, or
adsorption onto the membrane or within membrane pores (Christenson, 2011; Guo, Ngo, & Li, 2012).
Membrane fouling is affected by various factors including membrane properties, biomass properties, feed
water characteristics and operating conditions (Guo et al., 2012). Membranes can become fouled by a
wide range of constituents: (1) particulate (e.g., colloids), (2) organic (e.g., humic and fulvic acids), (3)
inorganic (e.g., iron, manganese), and (4) micro-biological. These foulants can accumulate due to the
following mechanisms: (1) pore blocking, (2) cake formation, (3) concentration polarization, (4) organic
adsorption, (5) inorganic precipitation, and (6) biological fouling (Guo et al., 2012). Because of this
variation, it is difficult to prevent all types of membrane fouling. Guo describes some methods of
prevention of biofouling: (1) reduce the concentration of microorganisms and/or reduce the concentration
of nutrients by pretreatment, and/or (2) preventive/curative cleanings, suggesting that a combination of
pretreatment and cleaning may be best (Guo et al., 2012). Once a system is in operation, control measures
may be taken to try to reduce membrane dysfunctionality due to fouling: (1) intermittent suction, (2)
improving module configurations, (3) improving aeration, (4) reducing the concentration of solids in the
bioreactor, (5) applying a tangential surface shear force, (6) backwashing the membrane module, and (6)
adding antibacterial agents (Guo et al., 2012). For the use of membrane bioreactors, it is evident that some
concern should be taken with respect to membrane fouling; membrane fouling is most likely inevitable,
and techniques to control or prevent it will vary depending on the system, but must be in place.
1.2.5

Algae Crop Contaminants and Techniques for Control
With any algae cultivation systems, crop contamination is a continuous threat. In particular,

cultivating algae at the large-scale outdoors often results in uncontrollable, variable growth conditions;
this variability can lead to negative effects on algal growth. This issue is compounded further with the use
of wastewater as a growth medium; with common cultivation platforms crop protection is impossible
when mixing an algal crop with the microcosm of organisms found in wastewater. However, crop
protection must be secured to maintain healthy growth conditions for the algae. In order to design an
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adequate crop protection technology, it is necessary to investigate particular threats to the culture, as well
as possible prevention and control techniques.
1.2.5.1 Grazers
Perhaps the most substantial threat to an algae crop is via algae grazer contamination. Algae
cultures are “susceptible to grazing by herbivorous protozoa and zooplankton (e.g., rotifers and
cladocerans) which can reduce algal concentration and production to low levels within just a few days.”
For example, in an experiment with cell counts <105 L-1 of the grazer Daphnia, there was a resulting 99%
reduction of algal chlorophyll a within several days. (Park et al., 2011)
Contributing a large portion of the bottom level of the trophic food chain, algae naturally have a
wide range of predators. One group of algal predators is composed of aquatic insects; this group can be
subdivided into collectors and scrapers, as shown in Table 1.2.
Table 1.2: Aquatic insect algal predators a
Collectors
Food particle size
Method

Examples

a

Scrapers
Mineral Scrapers
Organic Scrapers
<103 microns

<103 microns
Filter or
suspension feeders

Scraping
Mayfly
(Ephemeroptera),
Caddisfly
(Trichoptera),
Moth/Butterfly
(Lepidoptera), Flies
(Diptera)
Beetle (Coleoptera)

Mayfly (Ephemeroptera),
Caddisfly (Trichoptera),
Moth/Butterfly
(Lepidoptera), Flies
(Diptera)

Mayfly
(Ephemeroptera), True
Bugs (Hemiptera),
Caddisfly (Trichoptera),
Flies (Diptera)

Information in this table from (Cummins, 1973)
Grazing by zooplankton, ciliates, amoeba, rotifers, and other zooplankton is not extensively

published on (Day, 2012). Some prevention techniques include: (physical) filtration, centrifugation,
netting the culture to remove insect larvae, (chemical) induce low dissolved oxygen concentrations or
high organic loading, increase the pH or free ammonia concentration, or lower pH to 3 for 1-2 hours to
kill off any rotifer or zooplankton contamination (Park et al., 2011). The literature suggests very few
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preventions for protozoan grazing besides completely “flushing out” culture, or seeking protozoan
pathogens or viruses for protection (Day, 2012). With any contamination-prevention technique, it is
important to maintain preferred algal conditions when possible.
1.2.5.2 Fungi
Another threat to algal crops is fungal infiltration; “fungal parasitism and viral infection can reduce
algal population in a few days and lead to changes in algal cell structure, diversity, and succession” (Park
et al., 2011). Fungal and viral pathogens are common, but are not well understood. Chytrid fungi have
been known to cause collapse of industrial algal ponds, but very little is known about host specificity and
even less is known about host resistance mechanisms (Day, 2012; U.S. Department of Energy, 2010). As
with any biological infiltration, the impact is dependent on algal density and is most dramatic during algal
blooms in the natural environment. It has been suggested that the most feasible approach to fungal and
viral infection is to cultivate resistant or non-susceptible algal strains (Day, 2012). Some algae have
natural defenses against such infections such as hypersensitivity response, chemical defense, and
maintaining a high genetic diversity (Day, 2012). There are currently no treatments to fight against fungal
infections and the corresponding inhibitory effects of the infections are not well understood (Park et al.,
2011).
1.2.5.3 Contaminant Algae
Contaminant algae can present a significant issue when attempting to cultivate a uni-algal culture;
however, it is important to note that this contamination is only an issue if contaminant species do not have
a desired attribute (e.g., lipid content for oil production) or do have a particularly negative trait (e.g.,
toxin-producing) (Day, 2012). With open systems, algae contamination is inevitable. Algae contamination
can become an issue of productivity loss due to lowering of light penetration (increased shading),
impeding of movement and flow, and increasing energy requirements (Blair, Kokabian, & Gude, 2014;
Carlozzi, 2002; Day, 2012; Iasimone et al., 2018). One possible solution would be to employ the use of
genetic modification for herbicide-resistance or antibiotic-resistant algal strains; however, it is possible
that natural, wild-type strains would develop resistance overtime (Day, 2012).
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1.2.5.4 Bacteria
Algae and bacteria have been dynamically evolving together for thousands of years. Attempts at
large scale bacterial sterility are inefficient, costly and tend to be less robust when compared to natural
settings with bacteria present. Algae and bacteria are ubiquitously present on this planet and metabolize in
conjunction with one another in natural settings (Su, Mennerich, & Urban, 2012). Many believe that an
algae monoculture is nearly impossible to maintain and that many algae do not grow without the presence
of some bacteria. Beyond the fundamental oxygen-carbon dioxide respiration symbiosis, algae are
inherently reliant on bacteria for vitamins that they do not themselves produce. Similarly, algae cells
release carbon, both naturally and during cell lysis, which bacteria need for metabolism. For this reason, it
is supposed that older algae cultures (i.e., more dead algae) result in more carbon being released and
consequently more bacterial growth. Bacteria can be a problem because they compete with algae for
nutrients, reduce light penetration (i.e., increase turbidity), and can cause cell death in some cases (Day,
2012).
A summary of common algal predators and respective size distribution can be observed in Figure 1.
below. Though there are many biological threats to algae cultivation, there is very little research and
understanding to help prevent such threats. There are significant research gaps with regard to techniques
for maintaining sufficient algal growth conditions for long-term algae cultivation.
1.2.6

Using Wastewater Streams as a Growth Medium for Algae Cultivation
Various wastewater streams are attractive mediums for algal growth due to the low cost, commonly

high volumes, and available nutrients. Depending on the stream, wastewater nutrients are generated from
agricultural runoff, stormwater runoff, human waste, and commercial processes (e.g., food and beverage
plants, tanneries, animal feed operations, etc.) (Fosshage, 2014; Metcalf & Eddy, 2003). Irrelevant of the
source of nutrients, algae are capable of utilizing such nutrients with the appropriate cultivation platform.
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Figure 1.1: A composite diagram created to show the size distribution of common algal grazers. From the
following sources: (Christenson, 2011; Cooney & Gehrs, 1980; Culin; Cummins, 1973; Day, 2012;
García-Barros, 2000; Iowa State University Department of Entomology, 2003; Kerfoot, 1974; Kosnicki &
Burian, 2003; Lawrence, Hastings, Dallwitz, Paine, & Zurcher, 2000; Liu & Juan Niu, 2010; Park et al.,
2011; U.S. Department of Energy, 2010).
Coupling algae cultivation with wastewater creates a mutually beneficial relationship (Drexler,
Bekaan, Eskandari, & Yeh, 2014; Drexler, Joustra, Prieto, Bair, & Yeh, 2014; Drexler & Yeh, 2014).
Wastewater treatment (WWT) processes are required to meet discharge standard limits, often times
including restrictions on nutrient levels, in particular nitrogen and phosphorus (Wang, Wang, Huppes,
Heijungs, & Ren, 2015). The removal of such nutrients from the water contributes significantly to the
overall energy and chemical demands of a facility. These demands can be reduced or offset with the
inclusion of algae cultivation into the wastewater treatment train (i.e., via nutrient uptake from algae and
biogas/biofuel production from digested algal crop) (Clarens, Resurreccion, White, & Colosi, 2009;
Drexler, Joustra, et al., 2014). In the municipal WWTP (wastewater treatment plant) setting, algae can
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also lower the carbon footprint by taking up CO 2 saturated in aeration basins as a result of aerobic
heterotrophic respiration on waste organic matter (i.e., biochemical oxygen demand, or BOD) (Drexler,
Bekaan, et al., 2014). Further, the oxygen respired from algae due to photosynthesis may support bacterial
growth, thereby reducing aeration requirements of the plant (R. Munoz, Benoit Guieysse, 2006).
Combined with the potential to generate biofuel from algal biomass, the co-location of algae cultivation at
the WWTP offers value propositions to both industries.
Depending on the process design of a WWTP, there are different locations within a WWTP with
streams able to sustain algal growth (Hoffmann, 1998; R. Munoz, Benoit Guieysse, 2006). With regard to
nutrients, soluble nitrogen and phosphorus enter the WWTP in the forms of organic nitrogen, ammonia,
and orthophosphate, respectively (Metcalf & Eddy, 2003). This raw wastewater is considered primary, or
1°. Secondary effluent, 2°, is the wastewater stream generated by the BOD-removal process; nutrient
content in the wastewater is minimally changed, but almost all organic carbon is removed, resulting in
super-saturation of carbon dioxide. Tertiary wastewater streams, or 3°, are generated through the
processes where nutrients are from the water. During the nitrification stage, most of the ammonia is
oxidized to nitrate. The nitrogen is ultimately removed via denitrification (i.e., conversion of nitrate to
N2). Phosphorus leaves the system in the form of wasted sludge which contains phosphorus accumulated
into the microorganisms. (Metcalf & Eddy, 2003; Rittmann & McCarty, 2012) Selecting a suitable
wastewater source for algae cultivation is like strategized based on the targeted nitrogen source. For
example, if an ammonia-preferred algal species is used, pre-nitrification wastewater should be used.
Similarly, if a nitrate-preferred algal species is used, pre-denitrification wastewater would be best-suited.
On a conceptual level, wastewater appears to be an ideal medium for algal growth; however, there
are some difficulties that need to be addressed for complete success. One issue is that wastewater contains
constituents potentially harmful to algae, such as viruses, predators, and competitor algae species, which
are each capable of decimating an algae crop (Calway, 1968; Huang, Li, Liu, & Lin, 2014; Ma et al.,
2014). Another issue with using wastewater as a growth medium for algae is the high turbidity of most
wastewaters, both raw and partially treated. Algae require light energy to photosynthesize, and so, high
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turbidity can prevent this from occurring efficiently. Most solutions to this problem incorporate either
shallow ponds or small volume PBRs to allow for sufficient light penetration through the medium (Blair
et al., 2014; de-Bashan, Trejo, Huss, Hernandez, & Bashan, 2008). For this reason, it is logical to utilize
wastewater streams from the gravity-settling clarifier, used to settle out solids and reduce turbidity
downstream (Drexler, Joustra, et al., 2014). If algae cultivation is strategically inserted using clarified
effluent after nitrification, the algae can readily assimilate both ammonia and nitrate, along with
phosphate. Any algae technology system will need to address these issues in order to be successful.
1.2.7

Post-Cultivation Feasibility Concerns
The overall efficiency of algae cultivation systems is affected by many factors throughout the

process, but is strongly influenced by post-cultivation processes. The first step post-cultivation is to
harvest the biomass; this can be done manually or mechanistically, but will require energy to do so. Once
the biomass has been harvested, for all end-use purposes, the algae must be dewatered to some extent. A
target percent solids for harvest is 0.02-0.06% (Uduman, Qi, Danquah, Forde, & Hoadley, 2010);
harvesting slurries with higher percent solids will reduce the downstream dewatering burden. Dewatering
is a very energy-intensive process and can account for 20-30% of total energy costs for microalgae
biofuel production (Buckwalter, Embaye, Gormly, & Trent, 2013). There are various methods that can be
employed to reduce the water content of the algae, including: flocculation, centrifugation, drying/heating,
pressing, or filtration (Bhattacharjee, 2015; Buckwalter et al., 2013; Chisti, 2007; Christenson, 2011;
Clarens et al., 2009; Golueke, 1965; Milledge, 2011; R. Munoz & Guieysse, 2006; Pittman, 2011; Sun,
2013; Yang, 2011). All of these techniques add considerable energy costs to the algae cultivation system
and therefore account for a significant barrier when analyzing the economic feasibility and efficiency of
such as system.
Another factor to consider when analyzing an algae cultivation system is the end use of the
biomass. Algae cultivation can be done using a monoculture (one algal species) or a polyculture (multiple
algae species grown together). Polycultures can be desirable due to their inherently more robust nature.
Monocultures are not natural; polycultures are what would be found in natural algae blooms and are less
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susceptible to culture crashes due to diverse metabolic capabilities. However, being able to cultivate a
monoculture has one large benefit: a specific strain can be selected for desirable properties (e.g., lipid,
protein, carbohydrate content) (Doria, 2012; Morita, Watanabe, & Saiki, 2000; Perez-Garcia, Escalante,
de-Bashan, & Bashan, 2011). For example, if the biomass is intended to produce a biofuel, a strain with
high lipid content could be grown for a higher biofuel yield. Common end-uses for algae biomass can
vary dramatically in end-product cost, that is, the price that the algae product would be sold for. Some
low-end products are fertilizers, fish feed, and animal feed; higher-end products include: pharmaceuticals,
neutraceuticals, and cosmetics. Any biofuel price, including algae for biofuel, is highly dependent on the
price of fossil fuels and with low fossil fuel prices trending, it is difficult to gauge whether there is a
market for algal biofuel at this time (Drexler & Yeh, 2014). The discussed barriers need to be addressed
to have an economically viable algae cultivation system.
1.3

Problem Statement
Even though there has been much research investigating the potential of coupling algae cultivation

with wastewater as a medium treatment (Algae Enterprises; Aslan, 2006; Bhattacharjee, 2015;
Christenson, 2011; Drexler, Joustra, et al., 2014; Hoffmann, 1998; Ma et al., 2014; J. Ruiz, Z. Arbib, P.
D. Álvarez-Díaz, C. Garrido-Pérez, J. Barragán, and J. A. Perales, 2013), there has been minimal
commercial breakthrough due to economic feasibility (Clarens et al., 2009). The long-term success and
commercial viability of any technology is highly dependent on the ability to become economically
sustainable. For algae cultivation technology, the main drivers influencing this factor come into play postcultivation (i.e., harvesting, dewatering, transportation, and end use). At the cultivation stage, significant
improvements can be made to improve overall economics. First, the harvesting and subsequent
dewatering phases would be more efficient with higher harvested culture density. Additionally, l the costs
of cultivation are lowered by utilizing a low-quality water and nutrient source such as wastewater.
Finally, system reliability is improved by reducing the frequency culture crash; this is done through
improving crop protection and minimizing inhibitory conditions (i.e., caused by insufficient gas/nutrient
exchange or light delivery).
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At the University of South Florida (USF), a passive algal membrane photobioreactor has been
designed and tested; this technology is named ICARUS, Isolated Cultivation of Algal Resource Utilizing
Selectivity (see Figure 1.2 for a conceptual diagram). ICARUS was proven successful at the theoretical
level and further research and experimentation was conducted to bring the technology to a functional,
proof-of-concept-scale (Drexler, 2014). From the results of this compiled research, additional questions
were raised. One aspect was regarding the uncertain crop protection efficacy of the ICARUS technology.
Another aspect not yet well understood and to be investigated was the membrane interactivity:
mechanisms of gas and nutrient exchange across the membrane, as well as membrane fouling and their
effect on algae productivity. The ICARUS technology has proven to be a potential solution to many of the
barriers faced by algae cultivation systems. It is the aim of this research to move this technology beyond a
proof-of-concept and to address these unanswered questions.
1.4

Dissertation Organization
This proposed research aims to answer the following questions based on previous ICARUS studies

and research gaps. This will be done through various experimentation and continued literature review.
The corresponding hypotheses are potential conclusions of this research and subsequent objectives are the
basic needs to be met.

Figure 1.2: ICARUS concept diagram
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1.4.1

Research Questions
Does ICARUS provide a suitable algae cultivation platform at a functional scale?

1. Is gas and nutrient exchange through the membrane sufficient for algal growth over time?
2. Is ICARUS capable of maintaining crop protection of a monoculture? Does ICARUS technology
provide adequate crop protection for any algae cultivation in wastewater?
3. How do membrane biofoulants affect gas and nutrient exchange, as well as membrane integrity
over time? What are the implications of biofoulants on the ICARUS membrane for algal
productivity?
4. How do the interactions among inherent wastewater biota and inoculated algae affect algal
growth within a controlled system? What is the effect of membrane pore size of wastewater
filtration for algae cultivation in an ICARUS system?
1.4.2

Research Hypotheses
With respect to the previously stated research questions:

1. The ICARUS technology will provide adequate crop protection for the cultivation of algae;
however end uses for the algae bioproduct may be limited.
2. Nutrient and gas exchange will be dependent on biofilm/biomass accumulation at the membrane
surface. Backwashing or harvesting techniques and desired times will need to be established.
3. Biofoulants will hinder the mass transfer of dissolved constituents (nutrients, etc.), as well as
gases (O2 and CO2), which will result in a decrease in algae growth productivity. Membrane
integrity will decline over time.
4. The type of membrane utilized for filtration will affect algal growth due to the interactions
between inoculated algae and inherent wastewater bacteria (present with certain pore sizes.
1.4.3

Research Objectives
With respect to the previously stated research questions:

1. Determine the efficacy of ICARUS crop protection and the corresponding effect on algal growth.
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2. Analyze an operational ICARUS system to determine the nutrient (namely, nitrogen and
phosphorus) uptake rate per membrane area.
3. Determine significant membrane biofoulants and rate of accumulation. Determine necessary time
to backwash or harvest to avoid insufficient nutrient and gas exchange for algal growth.
4. Determine the effect of membrane pore size for filtration of clarified wastewater on algal growth.
Investigate the effect of algal interactions with inherent wastewater biota on algal growth.

16

CHAPTER 2: BACKGROUND

2.1

Assessing Technologies Using Algae for Nutrient and Water Management
Though minimal commercial breakthrough has occurred, technologies at various stages of

development are described in the literature. Innovative techniques are researched and investigated to
overcome challenges. In order to assess the state of the available technologies, it is important to
objectively analyze current systems and techniques. In order to compare different algae technologies,
factors influencing success are outlined. These factors can be divided into four major categories:
processes, scale, cost for start-up, and cost for operation; each category and key aspects are identified in
Table 2.1. Using these categories, it is possible to compare particular technologies based on an overall
life-cycle analysis in order to determine successful and sustainable systems, in addition to highlight the
most successful and problematic aspects of each system.
Table 2.1: Factors and key aspects for algae technology assessment
Processes

Scale

Start-up

Operation

Wastewater stream
currently treated

Volume of water
currently treated

Initial
construction

Energy needed (mixing,
temperature, light, harvesting,
processing)

Nutrient removal
techniques

Lab, pilot,
commercial, etc.
Length of time the
system has been
operating

Land use

Materials needed

Land use
minimizing
aspects

Distance of water transportation

Innovative techniques

2.1.1

Processes
The first category, processes, is included to assess the functionality of the system operations.

Whether water treatment is the primary goal of the system (versus algae production), the effluent water
quality is an important parameter to such systems. Additionally, innovative techniques for processing
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enhancement will give a system, such as these, an advantage over others. When assessing this category,
the following questions should be considered:
•

What water stream are the algae treating? (WW: primary, secondary, tertiary, final effluent, or
other)

•

Is there potential for other sources of wastewater to be used?

•

Is nutrient management a goal of the system?
•

•

Is nutrient removal even reported?

What added benefits, if any, are there from the water treatment system?
In investigating these described questions, if a system is able to meet the following, this

demonstrates that significant barriers have already been overcome. The following specific aspects are
recommended to imply a technology success:
•

A raw wastewater is treated directly (i.e., no pretreatment is required)

•

The algae bioproduct is being used

•

There is an innovative treatment and/or algal growth enhancement technique (potentially with
external applicability).

2.1.2

Scale
The next category included in this rating system is scale. Due to the limited commercial

breakthrough in this industry, scale is a significant indicator of success of the technology, as well as
future technologies. There are seemingly many algae technology systems being researched at the lab
scale, but barriers prevent any feasible scale-up. The following questions should be considered when
assessing this category:
•

How much water is currently treated?

•

Is the system currently lab scale, pilot scale, or commercial scale?

•

What is the potential of the system?
•

Could the system easily be implemented elsewhere?

•

Could the system easily be scaled-up to treat larger volumes?
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In investigating these described questions, if a system is able to meet the following, this
demonstrates that significant barriers have already been overcome. The following specific aspects are
recommended to imply a technology success:
•

The system operates at city/community/municipal scale, or >1000L treatment volume

•

Large-scale partners are involved in the progression of the system
•

Partners represent confidence in system success, as well as outside financial and
marketing support

•
2.1.3

The system has been in operation for at least one year
Cost for Start-up
Cost for start-up is the third category defined by this technology rating system. Algae technology

systems of varying complexity have been designed and the corresponding cost for start-up dramatically
influences whether a system will be feasibly built, as well as the overall life-cycle assessment of the
system. The following questions should be considered when assessing this category:
•

How much land acquisition will the system require?
•

•

Will permitting be required?

What is the cost (or approximate cost) of initial construction?
•

What materials are used for system infrastructure?

•

Attempt to quantify materials used

•

Will any municipal infrastructure be required? (i.e., piping to connect to wastewater
treatment facilities)

By minimizing land use, algae wastewater treatment systems will have an advantage in the cost for
start-up category. The following specific aspects are recommended to imply a technology success:
Land use is minimized by utilizing:
•

Membranes

•

Existing infrastructure

•

Alternate area use (e.g., ocean, or lake)
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2.1.4

Cost for Operation
The last category for technology analysis is cost for operation. This category is perhaps most

involved, including many of the logistics of the actual system specifics. As previously discussed, there are
many aspects of algae cultivation that demand significant amounts of energy, and these facets should be
addressed in this section. The results of this category will also be most representative of the long-term
costs of the system, resulting in strong influences on the overall future success of these technologies. The
following questions should be considered when assessing this category:
•

How far must water be transported? (both treated and untreated)

•

What operational materials are needed? (e.g., any chemical additives?)

•

What operational energy is needed for the system?
•

How is the algae culture mixed?

•

Is the temperature of the system regulated? If so, how?

•

How is light provided to the algae?

•

How is the algae crop harvested?

•

How is the algae crop dewatered? What factors influence the concentration of algae
slurry?

•

Is any algae processing done? If so, what?

Operation costs will be dramatically reduced with the use of passive techniques. If a system is able
to meet the following, this demonstrates that significant operational barriers have been sustainably
overcome. The following specific aspects are recommended to imply a technology success:

2.2

•

Passive temperature regulation and/or aeration technique

•

Passive mixing technique

•

Passive dewatering technique
Assessing Specific Algae-Wastewater Technologies
Four algae technologies are herein assessed using the previously described categories. The number

of technologies assessed is limited due to the availability of reliable resources of the technology
descriptions; many algae technologies involve proprietary components or techniques and therefore do not
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publicly publish. The technologies selected for this comparison demonstrate some solutions to the barriers
for successful large-scale algae cultivation in wastewater.
2.2.1

OMEGA, U.S.
The Offshore Membrane Enclosures for Growing Algae (OMEGA) system is an algal cultivating

technology, originally designed by researchers at NASA, for wastewater polishing of coastal cities. This
system is composed of tubular membrane photobioreactors that float in the ocean, get inoculated with
algae and pumped with partially treated wastewater. These systems are set up and deployed in close
proximity of coastal wastewater treatment plants. Technology assessment findings are summarized in
Table 2.2.
2.2.1.1 Processes
The OMEGA system uses secondary-treated wastewater for its algae growth medium. In an early
experimental prototype (110 L), the systems were run until ammonia (NH 3-N) levels approached zero,
achieving roughly 90% recovery of nutrient (nitrogen and phosphorus) in biomass; this resulted in
harvesting every 0.83-2.79 days (Wiley, 2013). A larger prototype system (1500 L) was run, but
corresponding data was not collected; however the system was still viable after the four month operating
time. The prototype systems employed a mixed culture of green microalgae and achieved biomass
production rates of 14.1 g m-2 day-1 (Wiley, 2013). One potential drawback of the system is in the case of
a leak or tear, the membrane contents (partially treated wastewater and algae culture) will be released into
the ocean; it is important to note though, that this mixed culture of fresh water algal species will be killed
due to the saline environment and do not pose an invasion issue, in that regard (Buckwalter et al., 2013).
Overall, the treatment effectiveness of the OMEGA system seems high. Large-scale systems
provide the potential of converting all excess nutrients (nitrogen and phosphorus) to algal biomass from
secondary treated wastewater effluent. This potential would save wastewater treatment plant significant
amounts of money, but does first require the primary treatment of the wastewater. One major concern is
the essential “disposal” of freshwater into the oceans. Freshwater is a very valuable resource and it seems
a waste to passively release it into the ocean, only retrievable on a large scale through reverse osmosis.
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2.2.1.2 Scale
The OMEGA system has been experimentally tested at various stages: 110 L and 1500L. The
system is currently licensed to the company, Algae Systems Ltd., where the system is being employed at
an unknown scale (Algae Systems, 2015). The OMEGA system provides a nutrient management strategy
for all coastal wastewater treatment plants, but would not be suitable for locations without a continuous
source of saline water for forward osmosis.
2.2.1.3 Cost for Start-up
The start-up needs for a large-scale OMEGA treatment system are minimal compared to some of
the other systems in this study because this system only partially treats the wastewater (i.e., removes
nutrients from secondary plant effluent). The system requires: some infrastructure to connect wastewater
plant discharge to the floating reactors (Harris et al., 2013), infrastructure to connect a carbon dioxide
supply to the reactors, an operating system for pH measurement and carbon dioxide dosing, and physical
system components, (e.g., membrane PBRs, floating structural supports, and pumping mechanisms for
recirculation and harvest). One of the main advantages of the OMEGA system is the employment of the
ocean for passive dewatering. This requires the system to be located in close proximity to the ocean and
wastewater treatment plant discharge. There may be some permitting restrictions or barriers in different
cities or countries in the future with putting these systems in public waters, but minimal land use will be
required.
2.2.1.4 Cost for Operation
The concept behind the OMEGA system is to provide partial treatment of wastewater while
producing algal biomass with as low of energy inputs as possible. Operationally, the OMEGA system
employs many passive techniques: natural wave energy for mixing, sunlight for photosynthesis,
temperature regulation from the surrounding ocean water sink, and saltwater gradient induced forward
osmosis for partial dewatering (Buckwalter et al., 2013). Due to the configuration of the PBRs, the system
requires supplemental carbon dioxide for algal growth; this was externally provided during the
experimental phase, but literature suggests that local industrial sources, such as flue gas, are the current
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source, or will be in future iterations (Buckwalter et al., 2013; Wiley, 2013). The OMEGA system used
flat-sheet cellulose triacetate membranes, which can be cleaned and reused (Harris et al., 2013).
Operational costs are minimal for this system, but include: membrane cleaning, replacement membrane,
pumping of wastewater to the system and recirculation within, and pumping of carbon dioxide. It is
advantageous to the life cycle analysis of the system to pump water as minimal distances as possible.
Complete algae dewatering and processing is not considered a part of the normal operations of this
system, though some passive dewatering is done through the forward osmosis previously described. Even
if a single algae species is inoculated into the system, the resulting algae bioproduct will be of lower
grade because the slurry is completely mixed with wastewater microorganisms.
Table 2.2: Overview of OMEGA technology assessment
Technology
Assessment Category
Processes
Scale
Start-up
OMEGA • Secondary• 1500 L system
• Use of membranes
treated
operated
(+1)
wastewater is
continuously for 4 • Use of ocean
treated (-)
mo. (+1)
(minimal land use)
• Membrane PBRs • Currently licensed (+1)
are floated in the by Algae Systems • Requires
ocean (+1)
Ltd. (current
supplemental CO2
operating scale
from nearby source
unknown) (+1)
(+/-)
• Provides potential • Minimal
for all wwtp in
transportation of
coastal cities (+/-)
water, but only
works in coastal
cities, near the
wwtp (+/-)

Operation
• Forward osmosis
dewatering from
ocean (+1)
• Temperature
regulation from
ocean (+1)
• Wave energy for
mixing (+1)
• Membranes will
require cleaning (-)
• Bags can be cleaned
and reused (+)

Notes: (+1) values signify substantial aspects of these systems achieve a success.
+/- alone point out other key aspects and whether they are considered positive or negative, but less
substantially.
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2.2.2

Aquanos Energy Ltd, Israel
Aquanos Energy Ltd. designed a technology to fully treat raw wastewater that employs an algae

cultivation component. This technology is primarily designed for developing nations with limited access
to water and energy. Technology assessment findings are summarized in Table 2.3.
2.2.2.1 Processes
The Aquanos technology system is composed of an anaerobic digestion step, followed by the
proprietary MBBR, moving bed biofilm reactor, with side stream algae raceway ponds, ending with solids
separation and a disinfection step, depending on the end use application of the treated water (R. Blanc &
E. Leshem, 2013; R. Blanc & U. Leshem, 2013; Fosshage, 2014). Algae are harvested through the AHTO
® (algae harvesting technology optimized) process, though this proprietary technique is not described in
the literature. The major goal of this system is to reduce the energy needs compared to the commonly
used activated sludge systems for wastewater treatment. In order to do this, the algae from the raceways
produce oxygen that is recycled through the MBBR for fixed-film aerobic wastewater treatment. To
overcome the light penetration issue due to the turbidity of wastewater, the system retains wastewater
bacteria via attached growth to keep the algae water clean. Pilot testing has determined that an HRT,
hydraulic residence time, of 24 hours is ideal for full BOD removal, and systems have consistently proven
to remove 75% of soluble COD. Biological nutrient removal is not a primary goal of the technology at
this time, but does occur within the system and is a component of concern for future iterations (R. Blanc
& U. Leshem, 2013). The Aquanos system is most applicable for warm, sunny climates, ideal
photosynthetic conditions. A major challenge with this system is the lack of oxygen production at night,
due to the halting of photosynthesis by algae; this may be insignificant if longer residence times are an
option, or supplemental sources of light or oxygen could be supplied during the interim lack of sunlight.
Researchers on the project propose the system as a solution for high ammonia & phosphorus-containing
wastewater streams, (e.g., CAFO, concentrated animal feed operations, food and beverage plants, and
tanneries) (Fosshage, 2014).
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2.2.2.2 Scale
The Aquanos system is partially supported by the World Water Works, with whom they hold the
proprietary technologies, AHTO ® and MBBR. The technology has been proven at two demonstration
sites and has been launched to the municipal market in India and Africa. The first pilot plant was run as a
side stream process at the Ra’anana Municipal wastewater treatment plant in Israel. This system treated
an influent flow of 3 L3 day-1 and was run successfully for 18 months treating water to levels less than 20
ppm BOD and TSS. The second, larger pilot plant was set up at the Dan Region wastewater treatment
plant in Shafdan, Israel with World Water Works as a partner. This system treated 30-50 L3 day-1 with the
same success as the first pilot. One researcher suggests that an optimal full-scale system would treat a
flowrate of 3600 gpm. The technology is designed in such a way that it is scalable; it can be run in
parallel or series depending on the required BOD removal and nitrification of the influent waste stream
(Fosshage, 2014).
2.2.2.3 Cost for Start-up
The start-up costs for the Aquanos system technology includes equipment for the full treatment of
raw wastewater. The system researchers claim that this system will result in lower operational energy use
than common wastewater treatment practices, but still requires significant start-up costs. The design of
these systems is separated into three major components: the anaerobic digesters (UASB- upflow
anaerobic sludge blanket reactors or lagoon), the MBBR with mechanical mixers and small cylindrical
plastic elements for attached growth, and the algae raceway ponds (Fosshage, 2014). Even though the
attached growth nature of the MBBR helps to minimize land use, because of the shallow design of the
raceways (18” depth), the system requires a large surface area. Depending on site location, this land may
be costly to acquire. The system will also require infrastructure to pump wastewater to the site (current
pilot systems are located at operating wastewater treatment plants, but presumably, this will not be the
case for future systems). It is also important to note that an eight week period will be required after initial
construction for aerobic biofilm development before water will be treated to the desired degree (R. Blanc
& U. Leshem, 2013). Overall, the start-up costs for the Aquanos system will be potentially the most
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significant barrier, especially if the system is to be implemented in developing countries with limited
access to resources, as the system is designed for. One downfall of this system is the large surface area
required, particularly for the raceway ponds. For that reason, this system would be difficult to install in a
developed area with minimal open areas for treatment plants. A large funding source must be acquired
before the start of construction to ensure the completion and satisfactory operation of the proposed
system.
2.2.2.4 Cost for Operation
The Aquanos researchers claim that the Aquanos system will reduce wastewater treatment plant
operation costs by 40-60% by achieving a 90% energy reduction through eliminating the need for
mechanical aeration, which is supplemented by the ‘oxygen-rich algae stream’ (R. Blanc & U. Leshem,
2013). Although the system does not require mechanical aeration, it still requires mechanical mixing
within the MBBR and also the algae raceway ponds. Pumps contribute to additional energy costs, but
researchers suggest the implementation of solar powered pumps to reduce those energy needs, though this
technique is not currently used. As previously mentioned, this system is ideal for sunny, warm climates; if
used in an alternate climate, a supplemental light source and heating technique may be required
(Fosshage, 2014). The system also employs the use of the proprietary AHTO ®; due to the proprietary
nature of this aspect of the treatment scheme, not much is known about the technique to harvest the algae.
Operators of the pilot Aquanos systems currently use algae for fertilizer and propose it for future sale.
They also mention that with “additional treatment,” the algae could be used for animal feed and other
high value products, including biofuel (R. Blanc & U. Leshem, 2013).
Based on the provided information, the Aquanos system may be able to provide a full wastewater
treatment system to the proposed developing nations that is capable of operating at lower energy
requirements than traditional systems (with mechanical aeration). If algae products can be sold
commercially, the overall economics of the system become closer to energy neutral, or even energy
positive.
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2.2.3

Algae Enterprises, Australia
The Algae Enterprises system has been successful at treating dairy wastewater, employing the use

of multi-phased treatment. The specialty of this system is the patented Photoluminescent Algae System
(PAS), which greatly enhances algal growth. Technology assessment findings are summarized in Table
2.4.
Table 2.3: Overview of Aquanos Energy Ltd. technology assessment
Assessment Category
Technology
Processes
Scale
Start-up

Aquanos
Energy,
Ltd.

Operation

• Raw wastewater • Proven in demonstration • Moving bed
• Moving bed
is treated (+1)
project and launched to
biofilm reactor
biofilm reactor
municipal market in India (MBBR) with
(MBBR) with
• Algae product
and
Africa
(+1)
mechanical
mechanical
currently used
mixers & small
mixers is aerated
as fertilizer (+1) • Partners with and
cylindrical
with Oxygen-rich
• AHTO ® (algae proprietary technologies
HDPE
elements
water from the
with World Water Works
harvesting
for attached
algae raceways
(+1)
technology
growth (+0.5)
(+1)
optimized)
• One system has been in
•
Raceways
only
•
Currently
proprietary
operation for 18 months
18 in deep, large designed for
technologies
(+1)
surface area (-)
developing
(MBBR too)
nations with
(+0.5)
limited access to
energy and water
(+)

Notes: (+1) values signify substantial aspects of these systems achieve a success.
+/- alone point out other key aspects and whether they are considered positive or negative, but less
substantially.
2.2.3.1 Processes
Algae Enterprises has developed an Algae Wastewater Treatment Plant (AWWTP) to fully treat
various wastewater streams: municipal, dairy effluent, aquaculture, dairy manufacturing waste, and other
similar high-nutrient waste streams. The treatment process consists of algae PBR bags in conjunction with
anaerobic digesters. The system uses local algae species to remove nutrients and other contaminants from
the wastewater. The anaerobic co-digestion of algae along with upstream wastewater results in a biogas
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product that is used to generate electricity. The raw biogas is pumped into the algae culture to passively
supply carbon dioxide required for algae growth, while also concentrating the methane content of the
biogas before electricity production via a generator. Through this process, this system is able to reduce
greenhouse gas emissions, compared to other treatment processes (by capturing and using greenhouse
gases that are produced through the treatment process). The highlight of this treatment process is the
patented design for improved algal growth, the PAS. The PAS is “a luminous material that converts light
of a first wavelength to a second wavelength more suitable for use in photosynthesis by the algae or
cyanobacteria, and apparatus for performing the method” (Falber, 2013). By improving sunlight delivery
and utilization by algae with the PAS, the overall system is able to produce much denser algae cultures.
This treatment system seems idyllic, but there is limited information disclosing exact pretreatment
of the wastewater before entering the system. In one source, it is implied that algae “actually remove all
of the waste components from the wastewater” (Business Victoria, 2012), which seems unlikely. In
another source, a diagram of the overall treatment process suggests that the wastewater is “filtered or
possibly pre-treated in Aerobic Activated Sludge” (Algae Enterprises, 2015). Filtering the wastewater
would be a fairly inexpensive pretreatment process and the centrate solids could be pumped to the
digester; however, if the wastewater must be treated aerobically before being sent to the algae PBRs, this
dramatically increases the cost and complexity of the system while lowering the applicability in rural
areas, the apparent, current target market.
2.2.3.2 Scale
Algae enterprises are currently partnered with Sustainability Ventures for the production and
distribution of their AWWTP systems. One system achieved commercial scale onsite at a dairy farm
location; however other systems are not known to be in operation. The system is claimed to have “global
appeal” and that it can be used to treat various waste streams at varying scales; modular systems are
supposed to be distributed for heightened applicability. Because of the denser algae cultures due to the
PAS, the systems have reduced land area size. Also, due to the simplicity of the proposed system, Algae
Enterprises “would like to offer [their] services to remote aboriginal communities and to rural populations
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in Africa, Asia and South America”(Algae Enterprises, 2015). Even though the company has “focused on
saving energy, infrastructure and transport costs, [and claim the system] can be scaled-up to industrial
applications in remote communities, such as wastewater treatment plants and mining companies” (Algae
Enterprises, 2015), it is difficult to assess whether all of these aspects have been addressed successfully
from the literature.
The scalability of the Algae Enterprises system seems to be a strong aspect of the technology. With
two basic components, the anaerobic digester and the PAS, the system does seem highly scalable for
onsite incorporation with the wastewater generation. The system has been successful for dairy farm
wastewater, but there is limited access to information that confirms alternate implementation.
2.2.3.3 Cost for Start-up
For a raw wastewater treatment system, the Algae Enterprises system would result in low respective
start-up costs. Due to the scalability of these systems, the start-up costs would vary and most likely be
manageable for wastewater producers (in this case study, dairy farmers). The costs would consist of an
anaerobic digester, the PAS system, and any pumping and connections needed. Because of the denser
algae cultures from the PAS system, land requirements are minimized, reducing the start-up costs of a
commercial system. It is also likely that the land used for these systems will already be acquired (i.e.,
onsite at a farm; this aspect will likely result in relatively quick system acquisition and installation).
2.2.3.4 Cost for Operation
Operationally, this system will be fairly simplistic. The system will require pumping of the water
and mechanical mixing within the PAS. There is some method for harvesting the algae, which will
contribute to operational costs, but is not described in the available literature. If the system is onsite with
the wastewater generation, these operational costs will be minimized, due to the resulting minimal
transportation of water and biomass. Operational costs for the AWWTP will be countered by the proposed
multiple revenue streams (i.e., electricity from biogas, nutrient rich liquid fertilizer, and Class C1
biosolids) (Algae Enterprises, 2015). The system also employs the use of passive processes to lower
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operation costs, such as using the algae to remove CO2 and H2S from the biogas (concentrating the
remaining methane), and the enhanced photosynthesis due to the PAS (Algae Enterprises, 2015).
Table 2.4: Overview of Algae Enterprises technology assessment
Assessment Category
Technology
Processes
Scale
Start-up
Operation
• Raw wastewater is
• Partners with
• PAS →
• The algae culture
treated ** (+1)
Sustainability
denser
receives CO2 from
Ventures (+1)
algae
the biogas
• Luminous (PAS)
cultures
generated from the
material enhances
• Operates on
to reduce
digestor; this
algal photosynthesis
commercial farm
land area
simultaneously
(+1)
scale (+1)
needs and
concentrates the
• Anaerobic co• “Would like to
cost
(+1)
methane in the
digestion of algae
offer our services
biogas (+1)
Algae
biomass with
to remote
Enterprises
• Following
upstream
aboriginal
“emissions-free
wastewater to
communities and
process”
produces: methane
to rural
paradigm: shift
for electricity, highpopulations in
from energy
nutrient water for
Africa, Asia and
consuming to
fertilizer and Class
South America.”
energy producing
C1 biosolds (+1)
(Algae
(+)
Enterprises, 2015)
(+)
Notes: (+1) values signify substantial aspects of these systems achieve a success.
+/- alone point out other key aspects and whether they are considered positive or negative, but
less substantially.
**May require “filtration/possibly pre-treated in Aerobic activated sludge”
2.2.4

ICARUS, USF
The ICARUS system is a wastewater polishing process that employs an algae membrane

photobioreactor floated on the surface of a water body. The system is currently being tested at the
prototype-scale with municipal wastewater, but has the potential to be expanded to other wastewater
streams and locations. Technology assessment findings are summarized in Table 2.5.
2.2.4.1 Processes
This system of a membrane PBR is able to decouple an inoculated algae product from background
wastewater microbiota while simultaneously polishing nutrients out of the wastewater. This decoupling of
the algae from the wastewater microcosm not only protects the algae crop from many potential predators
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and competitors, but also may result in a higher-class biosolid yield. The membrane also acts as a filter
reducing the turbidity of the wastewater, commonly resulting in an issue of limited light penetration
hindering algal growth. By employing the use of the membrane, the resulting footprint of the system is
reduced. In fact, when using existing water bodies or infrastructure to float these reactors, no new land
area is needed. It has been preliminarily observed that the algae grown in the ICARUS system yield a
higher cell density when compared to suspended cultures (Drexler, 2014).
Table 2.5: Overview of ICARUS technology assessment
Assessment Category
Technology
Processes
Scale
Start-up
Operation
• Secondary
• Still at the lab
• Membranes are used • Temperature
wastewater is
and small field
to reduce system
and aeration
treated (-)
scale (-)
footprint (+1)
are regulated
via the
• Membrane
• Existing
continuous
separation is
Infrastructure is
(CO2-rich)
used to
used (+1)
wastewater
decouple algae
• No land use is
ICARUS
sink provided
culture from
required (+1)
at the WWTP
wastewater
(+2)
biota (+1)
• Some passive
dewatering has
been observed
(+0.5)
Notes: (+1) values signify substantial aspects of these systems achieve a success.
+/- alone point out other key aspects and whether they are considered positive or negative, but
less substantially.
2.2.4.2 Scale
The ICARUS system is still currently in the prototyping phase, both in lab and field-testing. The
plan for ICARUS is to have multiple individual units connected in series and in parallel. For this reason,
ICARUS is posed to be highly scalable. The design of ICARUS also has the potential to be customized
for different wastewater operations (e.g., circular clarifiers, rectangular clarifiers, lagoons, etc.) enhancing
the applicability of the system.
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2.2.4.3 Cost for Start-up
Currently, the ICARUS system employs the use of existing wastewater treatment plant
infrastructure to float the algae photobioreactors. Being able to retrofit plant infrastructure anywhere,
allows for ease of start-up. The system is planned to be modular so that sizing can be adjusted based on
needs. No new infrastructure will be required to support the algal growth; however, there may need to be
some equipment for algae harvesting and transport. The algae cultivation system is simply composed of
clear plastic reactor shell with a membrane bottom. Overall, ICARUS is a system with minimal start-up
requirements.
2.2.4.4 Cost for Operation
Operationally, the ICARUS system has potential to require very little energy. Using membrane
separation to enhance algal growth, results in higher density algae cultures compared to suspended
cultures. With more dense cultures, there will be lower energy requirements to remove excess water from
the culture for processing. In preliminary field testing, ICARUS achieved 10.6 g of algae L-1 using a
PVDF (polyvinylidene fluoride) membrane after 10 days of cultivation in a 2° effluent WWTP clarifier
(Drexler, 2014). It is very difficult, in open algae cultivation, to maintain a monoculture. To this,
preliminary lab testing has also suggested viable crop protection potential with the ICARUS system. Due
to the decoupling of the algae culture from wastewater biota, an additional benefit may be higher-grade
algal products. If the algae product is proved to be free from wastewater contaminants, the algae product
may have enhanced applicability. Another preliminary finding of field testing suggests that passive
dewatering may be possible with the ICARUS system, though this phenomenon is not well-understood at
this time and is currently patent-pending (Drexler, 2014). Due to the system design utilizing onsite
wastewater, both temperature regulation and carbon dioxide delivery are passively supplied by the
continuous wastewater sink in which the algae is being grown, which is saturated in carbon dioxide postBOD removal. One particular aspect of the ICARUS system that will require energy is membrane
cleaning and replacement. The ICARUS membrane is unique in that it develops biofoulants on both sides
of the membrane; biofoulant accumulation is inevitable and some technique to control it needs to be in
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place. Currently, this technique is not well-defined, though experimentation and testing has been started
(Drexler, 2014).
2.3

ICARUS Technology Development and Factors Leading to Future Design
To summarize, there are many challenges with regard to algae cultivation systems. ICARUS has

provided a platform capable of overcoming some of these challenges with future design targeting even
more success at a larger scale. With such potential to influence water reuse and feasible algae cultivation,
system maturation at future full-scale operation is a goal. The ICARUS technology has progressed
significantly since originally conceived, but substantial work is still needed for full-scale success.
2.3.1

NASA Technology Readiness Level (TRL) Scale
In order to gauge technology development, the NASA Technology Readiness Level (TRL) scale

was employed. It is helpful to use such a scale in order to systematically determine what is the next phase
needed for progressing a particular technology. An overview of the 9 levels of this scale is presented in
Table 2.6.
Table 2.6: NASA TRL scale overview
TRL Level Technology Achievements Met
1

Background research conducted, conceptual idea determined for future work

2

Basic principles studied and applied to any findings (little or no demonstration
required, predominantly speculative conclusions)

3

Basic principles are demonstrated with proof-of-concept model

4

Multiple components tested together

5
6

More rigorous testing than TRL 4 with a simulated environment
Fully functional prototype in operational environment

7

Critical scaling issues being addressed and tested in a real environment

8

Technology is fully qualified for real environment at relevant scale

9

Proven successful during mission/real operation

The NASA TRL scale was employed to track progress of the ICARUS technology. In order to
achieve higher functionality, scale-up to prototype level was needed. Many factors influenced the design
of this scale-up throughout the testing of smaller-scale reactors. The historic ICARUS reactor progression
is herein summarized.
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2.3.2

TRL 1, Proof of Concept
A proof-of-concept literature review to determine the feasibility of cultivating algae within a

membrane-enclosed reactor initiated the development of the ICARUS technology (Drexler & Yeh, 2014).
This work brought the technology to TRL 1, strengthened by a proof of concept test using membranes to
diffuse various media to algae (Figure 2.1). The goals of this experimentation included 1) demonstrate the
ability for algae to grow in dialysis bags, and 2) demonstrate differences in permeability through
membranes of varying pore sizes.

Figure 2.1: TRL 1 proof of concept testing: microalgae grown in dialysis membrane bags
First, regenerated cellulose (12-14 kDa) membrane bags were filled with 40 mL of deionized water
and algae culture with 400 mL of growth media in the background (post-BOD removal clarified effluent,
post-nitrification clarified effluent, belt filter press supernatant, and synthetic media). The original proof
of concept study revealed findings encouraging the progress of such a system. Dialysis cultures achieved
higher cell density, and longer exponential growth phases than the suspended culture control. In some
cases, the dialysis bags ripped with mixing, suggesting a redesign of membrane bags in future testing.
(Drexler, 2014)
2.3.3

TRL 2, Basic Principles Conceptualized
Taking what was learned from TRL1 experimentation, the new flat-sheet membrane ICARUS

design was tested (Figure 2.2). These pods are comprised of two PVC couplings with a membrane
secured in between with a gasket seal. These pods were designed for preliminary lab testing and sit within
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raceways, which contain recirculated media (Figure 2.3). The preliminary goal of initial testing was to
compare various membrane materials and pore sizes.
First, algae growth and biomass production were assessed over 7 days using varying membrane
material and pore size: regenerated cellulose (RC), cellulose acetate (CA), nylon, and polyvinylidene
fluoride (PVDF); pore sizes 3.5 kDa-31µm. The results of this study implicated that the membrane pore
size range of 50-1000 kDa yielded the highest cell density and biomass production when compared to the
suspended culture control and is assessed further in future testing. (Drexler, 2014)
Based on success of the PVC pod design, a more complete, functional design was tested using offthe-shelf, glass canning jars with modified membrane lids (Figure 2.4). This new reactor design was
tested in the lab (TRL 2).
2.3.4

TRL 3, Basic Principles Demonstrated
With success of the more functional reactor concept in the lab, the ICARUS jar was next tested in a

relevant field setting, in this case, a local municipal wastewater treatment plant clarifier (Figure 2.5). For
field testing, the ICARUS jars were filled with 80 mL of growth media, membranes sealed with a gasket
and lid, and placed in the post-BOD removal clarifiers for 20 days. A refined series of membranes were
tested, focusing on the previously determined ideal range: 7 µm nylon (NY), 12-14 kDa regenerated
cellulose (RC), and 40 kDa polyvinylidene fluoride (PVDF). Higher solids content was achieved at the
end of the experiment compared to a predetermined value suggested by literature findings.
In addition to higher biomass cultivation in the municipal wastewater treatment plant setting
finding, TRL 3 testing revealed an additional substantial observation. After only 10 days of cultivation,
jars had dewatered and ballooned out with gas pressure as seen in Figure 2.6. This finding was
detrimental to long-term experimentation, as the experiment was cut short due to complete water loss in
most jars tested. However, for future ICARUS design, this phenomenon can be harnessed for on-demand
dewatering of the algal crop, a huge benefit for large-scale cultivation.
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2.3.5

TRL 1-3 Findings and Implications for Future Work
Future testing will assess reactor geometry and configuration to achieve the highest solids content

possible. It was observed that the nylon series became contaminated by endemic algae species; this
implicates a pore size that is too large to protect the desired algae crop. PVDF series resulted in the
highest algal productivity and will be tested further. Slightly low specific growth rates near the end of the
experiment (as compared to reported literature findings) suggest suboptimal conditions, perhaps due to
poor mixing or reduced mass transfer; this should be investigated further. New designs need to
incorporate some sort of gas regulation to avoid substantial pressure buildup within the reactor until
dewatering and harvest is desired. (Drexler 2014) Overall, testing at TRL 1-3 proved not only that the
ICARUS concept works, but also that it seems to be enhanced with wastewater as a growth medium. The
reactor design does this while theoretically providing adequate crop protection and enhancing
harvestability at the small scale tested, but larger scale testing is needed to confirm applicability. If
successful at a larger scale, ICARUS has strong potential to be an impactful outdoor PBR with solutions
to many previously described algae cultivation barriers.

Figure 2.2: TRL 2: ICARUS flat-sheet membrane, PVC coupling concept
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Figure 2.3: TRL 2: PVC pods in raceway lab testing

Figure 2.4: TRL 2 and 3: ICARUS canning jar with modified membrane lid

Figure 2.5: TRL 3: ICARUS jar tested in WWTP setting
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Figure 2.6: Dewatered jar reactors with pressurized membrane lids

38

CHAPTER 3: MATERIALS AND METHODS

3.1

Colorimetric Methods
Various colorimetric methods were performed to assess particular water quality parameters of

concern. These parameters include: total nitrogen, nitrate, ammonia, total phosphorus, COD, and optical
density.
3.1.1

Optical Density (OD)
OD measurements were taken as surrogates for algal growth in water samples. OD was measured

using a spectrophotometer (Hach DR/4000, Loveland, CO, USA) at a single wavelength, 680nm,
corresponding with chlorophyll pigments. Before taking a sample, water was agitated to increase
homogeneity of the sample. Samples of roughly 3.2 mL were pipetted into a clean 1 cm plastic cuvette.
The cuvette was then wiped with a kim wipe to remove and particles or debris from the outside of the
cuvette. Another cuvette of DI water was used to set a zero blank before reading the sample. In addition
to optical density at 680nm, in some experiments OD was also taken at 750 nm wavelength in order to
calculate chlorophyll ratios based on the procedure described by Drexler (2014) based on findings
reported by Griffiths (2011).
3.1.2

Total Phosphorus (TP)
Phosphorus content in samples was determined using the Hach Total Phosphorous (phosphate)

High Range (1.0 to 100.0 mg L-1 PO4) Test’N’TubeTM Vials Method 10127, which is adapted from
Standard Methods 4500 B-C (Eaton et al., 2005). Prior to testing, Hach reactors were turned on and
heated to 150ºC. Sample (5 mL) was added to the vial. (One blank vial, using deionized water, was
processed for each batch of sample vials.) One potassium persulfate pillow powder was then emptied into
the vial and shaken to dissolve. All vials were then incubated in reactor blocks for 30 minutes. After the
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incubation period, vials were removed from the reactor and allowed to cool to room temperature. After
cooled, 2 mL of 1.54 N sodium hydroxide standard solution (provided in test kits) was added to each vial.
After inverting three times to mix, a provided polyethylene dropper was used to add 0.5 mL of
molybdovanadate reagent. After inverting three times to mix, a seven-minute timer was started for the
reaction to take place. All vials must be read within two minutes after the seven-minute reaction timer.
Vials are wiped clean with a kim wipe prior to inserting into 16 mm cell holder of the spectrophotometer
(Hach DR/4000, Loveland, CO, US). Blank vials are used to set the zero, and samples are subsequently
read three times each by rotating the vial within the cell holder.
3.1.3

Total Nitrogen (TN)
Nitrogen content in samples was determined using the Hach Total Nitrogen High Range (2.0 to

150.0 mg L-1 N) Test’N’TubeTM Vials Method 10072. Prior to testing, Hach reactors were turned on and
heated to 105ºC. (One blank vial, using deionized water, was processed for each batch of sample vials.)
The contents of one nitrogen persulfate reagent pillow powder was emptied into each hydroxide digestion
reagent vial. Sample (0.5 mL) was added to the vial. Vials were then shaken intensely for 30 seconds.
Vials were then incubated for 30 minutes. After the incubation, vials were allowed to cool to room
temperature. The contents of one reagent A pillow powder was then added to the vials and shaken for 30
seconds. After three minutes, the contents of one reagent B was then added to each vial, shaken for 15
seconds. After two minutes, 2 mL of the contents of the hydroxide digestion vial was transferred into the
reagent C vials. The reagent C vials were inverted 10 times slowly to mix. After five minutes, blank vials
and sample vials were wiped clean with a kim wipe, the blank was used to zero the spectrophotometer
(Hach DR/4000, Loveland, CO, US), and then samples were read three times each by rotating the vial
within the cell holder.
3.1.4

Nitrate-Nitrogen
Nitrate content in samples was determined using the Hach Nitraver® X High Range (0.2-30.0 mg

L-1 NO3--N) Test’N’TubeTM Vials Method 10020. The sample (1.0 mL) was added to the vials. Vials were
then inverted 10 times to mix; the vials were then cleaned with a kim wipe and used to set the zero in the
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spectrophotometer (Hach DR/4000, Loveland, CO, US). Reagant B pillow powder contents was then
added to each vial. The vials were then inverted 10 times to mix. After a five-minute reaction, vials are
wiped clean, and then read in the spectrophotometer (Hach DR/4000, Loveland, CO, US) three times each
by rotating the vial within the cell holder.
3.1.5

Ammonia-Nitrogen
Ammonia content in samples was determined using the Hach High Range Ammonia (0.4-50.0 mg

L-1 NH3-N) Test’N’TubeTM Method 10031. (One blank vial, using deionized water, was processed for
each batch of sample vials.) Sample (0.1mL) was added to the vials. The contents of one ammonia
salicylate pillow powder and one ammonia cyanurate pillow powder were added to each vial. Vials were
then shaken to dissolve the powder. After a 20-minute reaction, vials were wiped clean with a kim wipe,
the blank vial used to zero the spectrophotometer (Hach DR/4000, Loveland, CO, US), and then vials
were read three times each by rotating the vial within the cell holder.
3.1.6

Chemical Oxygen Demand (COD)
The COD content in samples was determined using the Hach High Range (20-1500 mg L-1 COD)

Chemical Oxygen Demand Digestion USEPA Reactor Method 8000, which was adapted from Standard
Method 5220 D (Eaton et al., 2005). Prior to testing, Hach reactors were turned on and heated to 150ºC.
Sample (2 mL) was added to the vial. (One blank vial, using deionized water, was processed for each
batch of sample vials.) The vials were then inverted to mix three times and incubated for two hours. The
reactor was then turned off, and vials allowed to cool for 20 minutes while still in the incubator. Vials
were then taken out of the incubator, inverted three times to mix, and allowed to cool to room
temperature. Vials were then wiped clean with a kim wipe, the blank vial used to zero the
spectrophotometer (Hach DR/4000, Loveland, CO, US), and then vials were read three times each by
rotating the vial within the cell holder.
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3.2

Solids Analysis
In order to assess microbial growth, in particular the of algae crop, solids analyses were performed.

These tests quantify solids content within a liquid sample.
3.2.1

Total Suspended Solids
Suspended solids content of algae samples was determined based on Standard Methods 2540D

(Eaton et al., 2005). Prior to testing, glass fiber filters (Whatman 934-A) were rinsed three times with
deionized water, heated in an oven (Fisher ISOTEMP®100 Series Model116G) at 105°C for a minimum
of one hour, allowed to cool to room temperature in a desiccator, and then weighed. Depending on algae
culture density, sample volumes were selected to achieve roughly 10-200 mg on the filter. Samples were
mixed thoroughly for homogeneity prior to filtration. The pre-weighed filter was placed on the filter
apparatus, wetted with deionized water, then the determined sample volume is filtered. In most cases, the
filtrated was collected for soluble nutrients analyses. Post-sample, the filters were then rinsed with 20 mL
of 0.5M ammonium bicarbonate as described by Zhu and Lee (1997) and subsequently rinsed with 20 mL
of deionized water. Filters were then heated in an oven (Fisher ISOTEMP®100 Series Model116G) at
105°C for a minimum of one hour, allowed to cool to room temperature in a desiccator, and then
weighed.
TSS (mg L-1) = [(post-sample filter mass) - (pre-sample filter mass)] / volume filtered
3.2.2

Eq. 3.1

Wet Weight
The wet weight biomass technique was used only for analysis done at the University of Exeter

(described in detail in Chapter 4). The reason for this technique, versus the more common and more
accurate dry weight technique, was to maintain biomass integrity for subsequent DNA extraction of
harvested biomass.
Prior to sampling, filters were rinsed three times with deionized water, dried at 105ºC for at least
one hour, and weighed. Samples were extracted from flask bioreactors via a sample port. All samples
taken were filtered through 1 µm nominal pore size Whatman Nuclepore Track-Etch Membrane filters
(GE Healthcare Bio-Sciences, Pittsburgh, USA) in order to separate biomass from liquid medium. Filters
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with wet biomass were immediately weighed (while still wet). Pre-sample filter mass was subtracted from
final wet filter plus sample mass to determine wet weight mass reported.
Wet Weight (mg L-1) = [(wet post-sample mass) - (pre-sample mass)] / volume filtered
3.3

Eq. 3.2

Probeware
Various probes were incorporated into testing regimes in order to assess particular water quality

parameters continuously. Continuous data is of particular benefit to testing due to the ability to capture
the fluctuating dynamics of biological systems, where grab samples and testing leaves much unknown.
3.3.1

Lab vs. Field Setting Monitoring
Probes used in the lab were interfaced with a meter. These included a labquest, or the labview

software (Vernier Instruments, Beaverton, OR, USA) directly on a desktop computer, or in the case of
pH, the Corning meter.
Due to remote field sites and access to power for probeware connectivity, a mobile field monitoring
tower was constructed. This tower incorporated HOBO data acquisition hardware (Onset, Massachusetts,
USA) and a solar panel (Voltaic Systems, New York, USA) for power. More robust and mobile probes
were selected, as compared to lab probes, for this setup and field deployment.
3.3.2

pH
Lab sample pH was taken using a digital pH meter (Corning pH/ion analyzer 350) or a

gel-filled pH probe (Vernier Instruments, Beaverton, OR, USA) and a LabQuest2 portable digital
interface or LabView software (Vernier Instruments, Beaverton, OR, USA). Probes are stored long-term
in pH storage solution. Probes were calibrated using a three-point linear calibration with pH buffer
solutions 4, 7, 10. Before taking measurements, the pH probes were rinsed thoroughly with DI water and
dried. To measure a sample, probes were inserted and allowed to stabilize. In the field, two pH probes
(Milwaukee Instruments MA913B/3 pH Probe) were connected to pH controllers (BL931700 Mini pH
Controller, Onset) were used for continuous field pH of samples. Calibration and sample measurements
were the same as lab procedures instead using HOBO software interface.
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3.3.3

Temperature
Lab temperature of samples was taken by manual temperature probes. The probe was rinsed with

DI and dried before measuring. The probe was then placed in the sample and allowed to stabilize. In the
field, air and water temperatures were taken using two 8-Bit Temperature Smart Sensors (Part # S-TMAM002, Onset).
3.3.4

Conductivity
Vernier conductivity probes (Vernier Instruments, Beaverton, OR, USA) were used in the lab and

are stored dried until use. In order to calibrate the probes, three conductivity standards were used for
linear calibration. When reading a grab sample, the probe was stirred gently until a reading stabilized. The
probe was rinsed with DI water in between samples. For continuous readings, the probe was left in
samples still. In the field, three conductivity probes (Hanna Instruments) each connected to an 8860 Dual
Channel Conductivity-Resistivity Controller (Signet Scientific Company, California, USA). Calibration
and sample measurements were the same as lab procedures instead using HOBO software interface.
3.3.5

Dissolved Oxygen (DO)
Vernier dissolved oxygen probes (Vernier Instruments, Beaverton, OR, USA) were used in the lab.

These probes should have the cap emptied, rinsed with DI, and dried and stored with the cap loosened for
long-term storage. For short-term storage, the probes are stored in ~1” of DI water. To use the probe after
long-term storage, the probe caps were filled with ~0.75 mL of DO storage solution. After connected to
the interface, probes were allowed to warm-up for about 10 minutes. A two-point calibration was used for
these probes: zero point submerged in sodium sulfite solution, and saturation point hovering ~¼" water.
The saturation concentration should be determined based on pressure and temperature (e.g., if T=25°C,
P=760 mmHg, then DO= 8.36 mg L-1). In the field, two Galvanic Dissolved oxygen probes connected to
an HI8410 Dissolved Oxygen Controller (Hanna Instruments, California, USA) were used for continuous
DO monitoring in the field. Calibration and sample measurements were the same as lab procedures
instead using HOBO software interface.
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3.4

Stock Culture

3.4.1

USF
All Chlorella species tested were originally obtained from the University of Texas Culture

Collection group: Chlorella sorokiniana (UTEX #246) and Chlorella vulgaris (UTEX #2714) (UTEX,
Texas, USA). Cultures were scaled-up to necessary volumes under non-sterile conditions. Small volume
cultures were maintained in Erlenmeyer flasks in a shaking incubator (Lab-Line Incubator-Shaker,
Melrose Park, IL) at 150 rpm, illuminated at 240 μmol m-2 s-1 on a 12:12 hourly photoperiod. At larger
volumes (greater than one liter), cultures were transferred to clear PVC vertical photobioreactors, built inhouse (Figure 3.1). PBR cultures were aerated with lab-provided air at 500 mL min-1 and illuminated at
230 μmol m-2 s-1 on a 12:12 hourly photoperiod.
Depending on the species, different media was used for stock growth medium, modified Bold 1NV
and Bold 3N. The modified Bold 1NV medium consisted of NH4Cl, 0.0395 g L-1; NaNO3, 0.1875 g L-1;
CaCl2·2H2O, 0.025 g L-1; MgSO4·7H2O, 0.075 g L-1; K2HPO4, 0.075 g L-1; KH2PO4, 0.175 g L-1;
NaCl, 0.025 g L-1; P-IV Metal Solution, 6 mL L-1; Vitamin B12 Solution, 1 mL L-1; Biotin Vitamin
Solution 1 mL L-1 and Thiamine Vitamin Solution 1 mL L-1 (UTEX, 2018). The modified Bold 3N
medium consisted of NaNO3, 0.12 g L-1; CaCl2·2H2O, 0.025 g L-1; MgSO4·7H2O, 0.075 g L-1;
K2HPO4, 0.075 g L-1; KH2PO4, 0.175 g L-1; NaCl, 0.025 g L-1; P-IV Metal Solution, 6 mL L-1; Vitamin
B12 Solution, 1 mL L-1; Biotin Vitamin Solution 1 mL L-1 and Soilwater, 40 mL L-1 (UTEX, 2018).
The Nannochloropsis sp. used in rotifer testing (Chapter 5) was cultivated from a cryo-preserved
sample, originally purchased as rotifer feed from Brine Shrimp Direct (Direct, 2010). The purchased
samples were scaled-up using Bold1NV media (UTEX) and maintained in small volumes in the
previously described shaking incubator.
Rotifers used in Chapter 5 testing were purchased as cysts (Brine Shrimp Direct),and cultured as
specified from the vendor. Cysts were placed in a petri dish with ~¼" of DI water in sunlight with a few
drops of cryo-preserved Nannochloropsis sp. until larger volumes were obtained. Before experimental
inoculation, larger volumes of rotifers were cultured in conical reactors (~2L) with simple aquarium
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diffused aeration, natural sunlight (placed on a window sill), and continued to be fed cryo-preserved
Nannochloropsis sp (Figure 3.2).
3.4.2

University of Exeter (Chapter 4 Testing)
Stock cultures of Chlorella sorokiniana were obtained from the Scottish Association for Marine

Science (Oban, Scotland) and were cultivated in Chu 13 Medium (Chu, 1942) with a 12:12 hourly
photoperiod, shaken at 110 rpm in an incubator with 5% CO2 over several weeks to provide inocula for
experimental trials.
3.5

Reactor Start-up
Various algae were used to inoculate the reactors tested described within this work. All

ICARUS reactors incorporate a membrane bottom for the diffusion of soluble liquids and gases.
All control reactors do not contain a membrane and are either completely closed, or in some cases
open to the atmosphere. In all reactor cases, a target algal inoculation density of 0.2 OD 680 was
used. The algal stock sample was first centrifuged to separate the culture from the background
growth media. For ICARUS reactor inoculant, the concentrated algae culture was then brought to
the desired volume (based on reactor type and number used) with DI water. For control reactors,
the concentrated algae culture was then brought to volume with the desired background media
(e.g., Bold 1NV media, 0.25 g L -1, and 0.5 g L -1 Miracle Grow).
3.6

ICARUS Membranes
The ICARUS membrane is a vital component to the ICARUS reactor. Depending on the ICARUS

reactor, the membrane is either glued or screw-tightened to the lid. Membranes are purchased off the shelf
(Synder Filtration, Vacaville, CA, USA) and are composed of PVDF material with a polyurethane
backing material for support. Early testing (TRL 3 & 4) utilized membranes with 50 kDa pore size, with
later testing (TRL 5 & 6) utilizing larger pore size of 800 kDa.
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3.7

Membrane Foulant Analysis

3.7.1

Sample Collection
PVDF membrane samples (Synder Filtration, Vacaville, CA, USA) were collected over a two-year

period from various experiments and ICARUS reactor iterations. Two different reactor versions included:
the jar (80 mL volume, flat bottom, single panel membrane), and the prototype (2.5 L volume, angled
bottom, two panel membrane) (see Figure 6.5 for reference). Membranes were collected from
experiments run at various locations: a post-BOD removal clarifier of a WWTP, an uncovered outdoor
tank, and in the lab. The used membrane samples were manually scraped to harvest algal biomass, dried
at room temperature, and stored in a desiccator at room temperature until analysis. Representative
samples were selected for analysis based on experimental characteristics and time series. An overview of
the analyzed membrane samples and respective experimental parameters is shown in Table 3,1.
3.7.2

Assessing Membrane Fouling with CLSM
At the appropriate sample date, jars were removed from the wastewater. In the field, membranes

were removed, small sample pieces cut, and then fixed by submerging in a formalin solution (37%).
Special care was taken not to disturb the biofilm on either side of the membrane. Membrane samples were
stored at 4°C until the day of imaging.
Table 3.1: PVDF fouled membrane samples analyzed
Location
Reactor
Time (Days)
Type
Secondary Clarifier,
Jar (80 mL)
7
HCAWWTP
Outdoor Tank (755 L)
Jar
1, 3, 7, 14, 19, 21

Lab Tank (20 L)
N/A

Prototype
(2.5 L)
Jar
Prototype
N/A

PVDF Pore
Size
50 kDa

Date Collected

800 kDa

2/8-23/18

1, 3, 7, 14, 19, 21

800 kDa

2/8-23/18

1, 3, 7, 14, 19, 21
14
N/A

800 kDa
800 kDa
Virgin 800 kDa

10/9-23/17
10/9-23/17

11/8/16

Prior to imaging, membrane samples were removed from storage and stained by gently submerging
for one hour in both DAPI and Propidium Iodide (PI) solutions, separately. This staining enables
distinguishability between viable cells and not. DAPI (emits blue color) targets cellular DNA, while PI

47

(emits green color) is impermeable to cell membranes; therefore, blue cells were viable (DNA intact),
with green cells nonviable (cell membrane had degraded) by the time the cells were fixed in the field.
This imaging was performed using an Olympus FV1000 MPE multiphoton laser scanning
microscope (Olympus Corporation, Tokyo, Japan). Exciting and observing algal auto-fluorescence
(488nm laser) will also help to distinguish between chlorophyll-producing organisms and not. A 488-nm
laser was used for the excitation of both EGFP (enhanced green fluorescent protein) and chlorophyll a,
and the emitted fluorescent light was split using a NFT565 beam splitter and detected simultaneously in
two channels with BP500-550 and LP650 filters, respectively. With this technique, any non-algal cells
can be visualized.
3.7.3

Assessing Membrane Fouling with SEM
SEM images were obtained using a JEOL JSM6490 Scanning Electron Microscope (JEOL USA,

Peabody, MA). This instrument is a high-performance scanning electron microscope with 3.0 nm
resolution and supports ultrastructural analyses of surfaces and 3-Dimensional organization. It has
secondary and backscatter detectors, low vacuum mode as well as an EDAX Genesis energy-dispersive xray analysis system for elemental analysis. ICARUS membrane samples were adhered to an SEM mount
with carbon tape. Carbon ink was applied to the edges of membrane samples to minimize charging and
enhance imaging. Images were taken under various conditions, depending on the sample and
corresponding resolution with the instrument.
3.7.4

Assessing Membrane Fouling with FTIR
Sample spectra were obtained by attenuated total reflection (ATR) Fourier transform infrared

(FTIR) spectroscopy (Nicolet 6700, Thermo Scientific, Madison, WI) using a 45 single reflection
germanium (Ge) element and the ThunderDome ATR accessory (Thermo Scientific). Single-beam sample
spectra (128 scans at 4 cm-1 resolution) were ratioed against the spectra of a clean, sample-free Ge
background spectrum, converted to absorbance, ATR corrected, and baseline corrected to zero absorbance
utilizing GRAMS/32 AI software (Version 7.02, Thermo Scientific). Difference spectra herein displayed
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were obtained by digital subtracting the spectrum of a clean/unused spectrum of the membrane material
utilizing the GRAMS/32 AI software.

Figure 3.1: USF lab stock PBRs

Figure 3.2: Rotifer stock cultivation tanks
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CHAPTER 4: CULTIVATION OF ALGAE WITH MEMBRANE-FILTERED WW

4.1

Introduction and Objectives
Much research and some commercial technologies have coupled algae cultivation with wastewater

treatment. Algae are able to use energy from the sun through the process of photosynthesis and uptake
nutrients for growth. For any algal cultivation process, adequate nutrients in conjunction with a
continuous source of water must be provided. If commercially purchased, nutrient and water acquisition
for algal cultivation would contribute significantly to overall cultivation costs. Wastewater, containing a
variety of nutrients readily available for algal metabolism, provides sufficient nutrients for algal growth
(Hoffmann, 1998). Inherently, wastewater also provides a continuous source of freshwater (R. Munoz &
Guieysse, 2006). These fundamental synergies between algae cultivation and wastewater treatment drive
researchers to perfect such systems (Drexler, Bekaan, et al., 2014; Drexler, Joustra, et al., 2014).
A particular barrier when coupling algae cultivation with wastewater is contamination from
background organisms (Calway, 1968; Ma et al., 2014). A wide variety of organisms found in wastewater
can negatively affect algal growth including rotifers, other phytoplankton, bacteria, viruses, etc. (Day,
2012; Park et al., 2011). One method to prevent influence of contaminants is membrane filtration
(Buckwalter et al., 2013; Chisti, 2007; Christenson, 2011; Pittman, 2011; Sun, 2013). Table 4.1
demonstrates the membrane pore size range required to remove particular constituents from the water.
From this table, microfiltration is the minimum pore size range required to remove most microorganisms,
bacteria and larger, from a water stream. Ultrafiltration has the additional capability of removing viruses
and macromolecules. In theory, algae would grow better using wastewater that has been membranefiltered. However, there are few studies providing confirmation(R. Munoz, Benoit Guieysse, 2006). This
study aims to investigate this hypothesis by assessing how membrane filtration (using microfiltration and
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ultrafiltration) affects the cultivation of Chlorella sorokiniana under natural, realistic temperature and
lighting conditions, using as a feedstock the nitrification-stage clarifier effluent from a municipal WWTP
in Exeter, UK.
Table 4.1: Filtration pore size range and corresponding rejected material
Filtration
Pore Size Range
Rejected Material
Macro10-100um
Clumped cells, some bacteria
Micro900A-10um
Individual algae cells, EPS*, bacteria
Ultra40-100A
Some proteins and enzymes, viruses
Nano8-80A
Some sugars, endotoxins/pyrogens, amino acids
Reverse Osmosis
5-50A
Salts, metal ions
Table adapted from (Drexler & Yeh, 2014)
*(EPS) Extracellular Polymeric Substances
4.2

Materials and Methods

4.2.1

Feedstocks
A grab sample of a nitrification-stage clarifier effluent stream from a local Exeter WWTP,

henceforth referred to as unfiltered (clarified) effluent, was used for one feedstock medium. This raw
sample was further filtered using Rayflow crossflow filtration modules by Orelis Environment (Salindres,
France) through 0.1 µm nominal pore size, microfiltration (MF), and 40 kDa molecular weight cut off
(MWCO), ultrafiltration (UF), polyvinylidene fluoride (PVDF) membranes, yielding two additional
feedstock types for experimentation. (All feedstock filtration occurred within 48 hours of being
collected.) Feedstocks were stored at 4°C until use. A total of four feedstock types were therefore used for
the experimental trials: Chu 13 medium (reference media), the unfiltered effluent stream, the MF filtrate
(MF effluent), and the UF filtrate (UF effluent); Table 4.2 shows the results of the characterization of
each.
4.2.2

Cultivation Conditions
All experiments were conducted as batch cultivated systems using 1L Erlenmeyer flasks, which

were filled with 0.6 liters per batch with a homogenous mixture of feed and algal inocula for every trial,
excluding blanks, which did not contain any inoculum. At the start of each run, reactors were inoculated
with the stock culture of Chlorella sorokiniana to an optical density of 0.2 at 600 nm wavelength, with
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the exception of blanks. Algem incubators by Algenuity (Stewartby, UK) were used for cultivation.
Filtered air was supplied to the cultures at approximately 50 cm3 min-1, and cultures mixed at 120 rpm.
The incubators were programmed to mimic average local (Exeter, UK) climate for the month of June in
terms of dynamic light intensity (oscillatory diurnal cycles with roughly 16 h day: 8 h night) and
temperature (oscillating between 13-20°C), using global coordinates and average weather data. Light was
delivered in a 5.5:1 ratio of white to red light, respectively. The diurnal light regime ranged between 01001 μmol m-2 s-1, and 20 μmol m-2 s-1 was the lowest emittance possible. Lights shut off for complete
night time darkness. The temperature profile mirrored that of the light profile. Temperature was regulated
with a cooling system, with measured temperatures maintained within ±15% of programmed values
throughout testing. This climatic mimicking was done to ensure a better fit for the experimental
conditions to a real-life application scenario involving the cultivation of Chlorella sorokiniana on-site
using clarified wastewater from Exeter’s WWTP. Batch cultivation was performed for the duration of 7
days per experimental run.
4.2.3

Randomization
In order to ensure random distribution of errors, temporal and spatial distributions of reactors were

randomized. A total of 27 trial runs were performed, which were randomly distributed over 6 weeks with
4 to 7 replicates per feed type within 6 Algem incubators that were operational at any given time.
4.2.4

Filtration of Samples and Wet Weights
All samples taken were filtered through 1 µm nominal pore size Whatman Nuclepore Track-Etch

Membrane filters (GE Healthcare Bio-Sciences, Pittsburgh, USA) in order to separate biomass from
liquid medium. All nutrient testing was done on the liquid medium (filtrate) stream generated by this
process, yielding information on the soluble fractions of the available nutrients. The remaining filtered
biomass was weighed and collected for wet weight biomass accumulation analysis.
4.2.5

Algal Growth Assessment and Growth Rate Analysis
Culture density was monitored in real time using Algem incubators’ built-in optical density sensors

at a pre-programmed wavelength of 740 nm. With the detailed, bi-hourly optical density readings
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collected, it was possible to assess variability in algal growth throughout a diurnal light cycle. Some
parameters established for this analysis: dawn is the time point after zero light (night) ends (5:00am);
dusk is the time point before zero light (night) begins (9:30pm); ‘start’ of experiments was roughly
midday (~2:00pm); night lasts 8 hours 12 minutes, day lasts 15 hours 48 minutes. Relevant equations for
calculating reported values in the result section are as follows:

4.2.6

Daily Gain (OD740nm)Day 2 = [ODduskDay 2 - ODdawnDay2]

Eq. 4.1

Nightly Gain (OD740nm)Day 2 = [ODdawnDay 3 – ODduskDay 2]

Eq. 4.2

Net Daily Gain (OD740nm)Day 2 = [Daily GainDay 2 + Nightly GainDay 2]

Eq. 4.3

DNA Analysis
Genomic DNA was purified using GeneJET Genomic DNA Purification Kit (ThermoScientific:

Waltham, MA, USA) and quantified using Qubit (Life Technologies: Carlsbad, CA, USA). Purified DNA
libraries were prepared and sequenced using Illumina MiSeq (Illumina: San Diego, CA, USA), according
to manufacturer’s instruction.
Sequences were merged and clustered using USEARCH, high-throughput search and clustering
tool. Taxonomic assignment was performed using the Greengene, 16S rRNA gene database. Visualization
figures were then generated using Krona, hierarchical data browser.
4.3

Results and Discussion

4.3.1

Feed Characterization
A summary of the wastewater feed characterization is provided in Table 4.2. From this table, it

appears that phosphorus was filtered out of solution with ultrafiltration. Initial soluble concentrations of
test runs, reported in Table 4.3, vary from the values in Table 4.2 due to background nutrients in the
inoculum.
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Table 4.2: Summary of soluble wastewater and growth media feed characterization reported in mg L-1
with ± standard deviation. (BDL – Below detection limit of 0.1 mg L-1, NP – not present)
Soluble Nitrogen NH4-N NO3-N
Soluble Phosphorus
Unfiltered Effluent
47.0 ±3.9
6.8 ±0.6 35.4 ±6.1
2.5 ±0.6
MF Effluent
49.5 ±4.1
9.0 ±0.0 41.0 ±0.2
4.7 ±0.1
UF Effluent
47.0 ±2.3
7.5 ±0.5 35.5 ±0.8
BDL
Media
55.4
NP
245.3
14.2
4.3.2

Nutrient Removal and pH
A synopsis of nutrient removal data is depicted in Table 4.3. Consistent and complete removal of

total soluble phosphorus and ammonia was observed, with consistent reduction of half of the total soluble
nitrogen and nitrate from wastewater mediums. It is important to note that the Chu media does not contain
any ammonia in the recipe and so these cultures grew only on nitrate as a nitrogen source. Conversely,
there was some ammonia in the wastewater mediums and so cultures grew on both ammonia and nitrate
as nitrogen sources. This is a likely explanation for the slightly lower percent removals of nitrate in the
wastewater samples. Because of the complete removal of phosphorus in the wastewater mediums (and
near complete removal in the Chu media samples with much higher initial concentrations) it is likely that
the wastewater medium samples became phosphorus-limited at some point during the trials; nutrientlimited conditions are a probable cause of decline in culture growth. However, because only initial and
final nutrient samples were collected, it is impossible to know when the phosphorus was depleted.
Overall, each medium tested achieved comparable nutrient removal; it does not appear that membrane
pore size for wastewater effluent filtration had an effect on nutrient removal capabilities of algal cultures.
With a field continuous cultivation system, the idea of nutrient-limited conditions is not as probable as
was with the experimental batch testing. The observed nutrient limitation is less likely to occur in a fullscale algae cultivation system due to constant replenishment of nutrients from incoming wastewater.
A summary of collected pH data is depicted in Figure 4.1. In addition to potentially nutrient-limited
conditions, it is possible that cultures became distressed due to elevated pH levels. Microalgae can cause
increases in pH due to the consumption of CO2 (R. Munoz, Benoit Guieysse, 2006), but prefer pH of 7-9
(Andersen, 2005); the measured elevated pH levels observed may also explain the decreased length of
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exponential phase and overall culture growth rates observed. It is also possible that phosphorus may have
begun to precipitate out of solution due to increased pH; phosphorus will begin to precipitate at pH 9-11
(Ma et al., 2014). Similarly, ammonia nitrogen is known to volatilize at pH greater than 10 (ZImmo,
2003). Ammonia-stripping during this experiment is less consequential, as nitrogen was not completely
removed from the system, and was likely not a growth-limiting parameter.
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Figure 4.1: Average pH data and standard deviations for each growth medium
From the initial values reported in Table 4.3, it is apparent that the Exeter treatment plant where this
wastewater effluent was collected has a highly effective nitrification process, resulting in low ammonia
concentrations to meet discharge limits. However, without the additional nitrogen uptake by algae,
roughly 35 mg L-1 of NO3-N is being discharged into the environment. With increasingly stringent
discharge limits (U.S. Environmental Protection Agency, 2011; Wang et al., 2015), it may become
necessary for this particular plant to remove more nitrogen to meet future standards. Incorporating the
cultivation of algae into the WWT process may be helpful to uptake additional nutrients that needed to be
removed.
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Table 4.3: Initial and final concentrations (in mg L-1) of each nutrient parameter for Chlorella sorokiniana cultures batch cultivated over 7 days in
medium types Chu, unfiltered effluent, MF effluent, and UF effluent.
Soluble Nitrogen
NH4-N
NO3-N
Soluble Phosphorus
Initial
Final
%Δ
Initial
Final
%Δ
Initial
Final
%Δ
Initial
Final
%Δ
Unfiltered
46.6
21.4
54%
4.8 ±0.4
0.1
99%
34.1
17.2
48%
15.5
BDL
100%
Effluent
±3.7
±2.8
±0.2
±4.4
±3.0
±3.5
MF Effluent
44.0
21.3
52%
6.0 ±0.6
0.1
99%
37.6
17.7
53%
12.5
BDL
100%
±2.9
±1.9
±0.3
±2.6
±1.7
±3.8
UF Effluent
43.7
22.6
48%
5.8 ±1.7
BDL
100%
36.0
18.8
48%
9.5 ±2.9
BDL
100%
±3.6
±3.2
±3.4
±2.7
Media
46.0
31.2
31%
0.0 ±0.0
0.2
N/A
45.9
15.9
65%
63.4
1.6
97%
±4.6
±3.4
±0.4
±3.9
±2.9
±2.6
±0.7
Note: The reported concentrations are that of post-inoculation initial and final soluble nutrients; samples were filtered through a 1 um filter
before analysis. Error figures to the right represent one standard deviation. Percent change values are reported for overview. BDL – Below
detection limit of 0.1 mg L-1)
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4.3.3

Culture Growth
The relative growth profiles for each tested medium are depicted in Figure 4.2. Each of the four

individual plots includes the corresponding light regime (same for all) over the 7-day trial runs. Algal
growth in each medium was comparable at the end of the trial, with the unfiltered effluent resulting in the
lowest net growth. Through frequent OD sampling (automatically measured every 30 minutes in situ
within the bioreactor), the plots depict diurnal fluctuations in biomass growth that correspond closely to
the light pattern. Biomass peaks follow light peaks and biomass dips during dark phase.

Figure 4.2: Relative growth profiles for Chlorella sorokiniana cultures grown in different mediums over 7
days, quantified by real time absorbance measurements at 740 nm. The corresponding daily light regime
is plotted for reference.
In the natural environment, algae are susceptible to the native microcosm and diurnal weather
conditions. A natural, diurnal lighting regime results in an oscillating growth curve over time (Ogbonna
& Tanaka, 1996). During daylight, algae perform photosynthesis, utilizing an external carbon source,
usually carbon dioxide, for energy. Conversely, during night time (no available light for photosynthesis),
some algae respire heterotrophically to carry out cellular functions. So, if no organic carbon source is
available in the growth medium, algae will begin to metabolize stored carbon molecules (Mooij, 2013;
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Ogbonna & Tanaka, 1996). This nightly biomass loss can result in up to 25% biomass loss of the daily
growth (Carlozzi, 2002; Chisti, 2007). In attempts to minimize this nightly biomass loss, researchers have
investigated the effect of various growth condition parameters on this metabolic tendency: temperature
(Chisti, 2007; Ogbonna & Tanaka, 1996), light delivery (Carlozzi, 2002), micronutrient availability
(Mooij, 2013). With dynamic interactions causing this oscillating growth pattern, it is assumed that
altering the microcosm would affect growth patterns, but it is not well understood how. For long-term
algal cultivation, it is important to minimize nightly biomass loss. It is also important to take into account
this oscillating culture density with respect to the timing of a harvesting event; harvests should likely
occur at peak culture density.
The nightly loss of biomass observed in this study suggests the result of cellular metabolic activity
because if the algal cells were simply dormant, culture OD would remain stagnant rather than actually
decrease. It is also possible that some physiological transformation is occurring during the dark phase
(e.g., size, morphology, or agglomeration), resulting in a corresponding change in OD concentration
measurement. From these plots, it may be inferred that more severe changes in amplitude of daily growth
regime (i.e., larger nightly loss and daily gain of biomass) result in higher overall growth over time; the
unfiltered effluent has minimal diurnal fluctuation and has lowest overall growth, while the other
mediums (Chu media, MF effluent, & UF effluent) demonstrate greater diurnal fluctuations and greater
overall growth. These OD growth profiles are confirmed with corresponding wet weight concentrations
depicted in Figure 4.3.
Figure 4.2 provides visual evidence of nightly biomass loss. Ogbonna, et. al. reports this
phenomena in an alga of the same genus as being the result of a heterotrophic response by the algae due
to a lack of an organic carbon source and light for energy (Ogbonna & Tanaka, 1996) which results in
algal respiration of stored cellular carbohydrates. Though organic carbon was unable to be quantified for
this experiment, these results seem to support this explanation. It is hypothesized that the unfiltered
effluent cultures had the least amount of nightly biomass loss because it provided the most background
organic carbon for nightly respiration; in which case, stored algal carbon was not required for respiration.
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With adequate nutrients and growth conditions, it may be the case that raw clarified effluent, as a growth
medium, would result in more stable, long-term growth compared to that of the filtered streams due to the
symbiotic nature among the cultured algae and the inherent bacteria.
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Figure 4.3: Wet weight concentrations
From Figure 4.2, it is apparent that the most significant diurnal biomass fluctuation occurs within
the first three days of the trials, or exponential phase. The CE UF medium replicates are inconsistent with
the trends of the other three mediums, as well as amongst CE UF replicates; the reason for this is unclear.
The unfiltered effluent replicates with the lowest overall growth and comparably inconsequential diurnal
fluctuations when referencing Figure 4.2 still follow the same daily gain and nightly loss in biomass trend
as the Chu and MF effluent replicates. The significant variance in diurnal fluctuations among the UF
effluent seems to confirm the inconsistent growth trends of the replicates of this medium. Again, the most
significant nightly biomass loss occurs during the first three days of each trial (Day 0 – Day 2). This may
represent when the cultures were in the exponential growth phase. If so, this conclusion also falls in line
with other observations in that the biggest nightly reduction in biomass occurs during exponential phase
and is smallest during stationary phase, as carbohydrate content in cells increases in older cells so there
are less significant changes in biomass content (Ogbonna & Tanaka, 1996).
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Hourly variance in algal biomass accumulation has a strong impact on ideal time to harvest. From
these results, it seems best to harvest the culture shortly after peak sunlight to collect peak biomass.
Harvesting in the morning would be disadvantageous, as the culture has not yet overcome nightly
biomass loss. If the intended use of the algae is for biofuel production, lipid storage molecules are desired
in large quantities. The continuous OD monitoring capabilities of these cultures revealed that, in this case,
harvesting in the morning would likely yield a crop with low lipids, as the storage molecules may have
been partially metabolized for nightly cell maintenance, so harvesting at the end of daylight hours would
be better. Understanding the daily fluctuations of the algal culture would help to minimize
misinterpretations of a nightly declining culture when daily growth may exceed nightly loss. Though not
practical at commercial-scaled operation, this in-depth monitoring would also be extremely beneficial
when trying to predict and prevent culture crashes. Often times, PBRs are automated to dose adequate
carbon dioxide, nutrients, light, etc. to ensure a specific pH, optical density, or other culture-specific
characteristics are maintained. In these cases, systems may under- or over-adjust unnecessarily due to
hourly culture fluctuations observed in this study. A longer-term study would shed more insight on the
effect of wastewater filtration on these diurnal algal growth fluctuations. It is recommended that such a
study monitor soluble carbon and also cell physiology during night and day.
4.3.4

DNA Analysis
The microbial fauna found in wastewater is predicted to affect algal growth (Calway, 1968;

Drexler, Bekaan, et al., 2014; Drexler, Joustra, et al., 2014; Drexler & Yeh, 2014; Ma et al., 2014;
Ogbonna & Tanaka, 1996). DNA analysis was conducted in order to support this claim by assessing shifts
or proliferations of the bacterial microcosm with contributing effects on the algal growth.
By filtering the raw wastewater sample, it was expected that with smaller pore size filtration, a
larger fraction of the bacterial microcosm would be removed from solution. With that, the raw sample
was expected to have the most bacterial variability, followed by MF, UF, and Chu media (filter
sterilized), respectively. Though this prediction is well accepted, little variability was observed between
all samples in this study (Figure 4.4-7). Figures 4.4-7 show all species contributing to greater than or
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equal to 3% of the total hits observed. This minimal variance corresponds with the minimal variation
observed in the overall algal productivity. One outlier was observed in the Day 7 CE raw sample, which
had much more variability than the rest of the samples tested.
It was observed that four predominant species (Pseudoxanthomonas mexicana, Variovorax
paradoxus, Pseudoxanthomonas japonensis, and Methylobacterium goesingense) contributed at least 48%
of the total hits for each sample at every time point (except outlier CE raw, Day 7). To this, it would be
likely that these species are ubiquitous and/or perhaps introduced during the DNA extraction process. In
the one outlier sample, none of these four predominant speices were observed above the predetermined
threshold of 3% of the total number of hits per sample. It is possible that the observed species at Day 7
CE raw were present at low levels in earlier time points and in the initial wastewter sample collected, and
were able to proliferate to large enough concentrations to become more predominant in the culture.
4.4

Conclusion
No significant difference was observed between cultivation using filtered and unfiltered

nitrification-stage clarified streams in terms of growth, nutrient removal potential or bacterial microcosm.
Exponential growth was observed for Chlorella sorokiniana within all growth mediums tested in 7-day
batch cultivation under realistic conditions for Exeter UK. Complete removal of ammonium-nitrogen and
phosphorus was observed, which may be both due to microbial uptake and precipitation-stripping
mechanisms of ammonium and phosphate at elevated pH levels. Since all systems most likely became
phosphorus limited during the 7-day trial runs, the limits for algal growth and nitrogen removal are
currently unknown under the specified conditions. However, differences were noticed with regard to
diurnal culture fluctuations and variability. Further analysis revealed implications varying growth rates
and biomass accumulation depending on when (during the diurnal cycle) growth measurements are taken.
This study found the greatest fluctuations in diurnal growth with algae grown in microfiltered wastewater.
DNA analysis found no significant differences in the cultured microcosms of filtered and unfiltered
growth media over the 7-day culture time. The cause of the observed diurnal fluctuation variances
remains unknown, but is likely physical responses in the culture cells or orientation. The implications of
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this observation have potential impact on ideal time to harvest for an ideal algal crop. Based on the
findings of this study, it is proposed that the ideal time to harvest an algal crop grown in wastewater be
investigated further to better understand the resulting effect of environmental conditions with diurnal
lighting fluctuations.

Figure 4.4: Average CE Raw DNA results (clockwise from top left: Day 0, 2, 4, 7)
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Figure 4.5: Average CE MF DNA results (clockwise from top left: Day 0, 2, 4, 7). Note: Labels not
presented in figure legend- Day 0: Flavobacterium succinicans; Day 4: Flavobacterium; Day 7:
Variovorax soli
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Figure 4.6: Average CE UF DNA results (clockwise from top left: Day 0, 2, 4, 7). Note: Labels not
presented in figure legend- Day 0: Variovorax soli, Pseudomonas; Day 2: Acidovorax facilis, Acidovorax
temperans, Flavobacterium, Microbacterium marinilacus, Acidovorax delafieldii, Janthinobacterium; Day
4: Acidovorax facilis, Achromobacter arsenitoxydans, Flavobacterium succinicans, Pseudomonas,
Limnohabitans; Day 7: Janthinobacterium, Polynucleobacter necessaries, Flavobacterium,
Achromeobacter arsenitoxydans, Calothrix parietina.
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Figure 4.7: Average Chu media DNA results (clockwise from top left: Day 0, 2, 4, 7)
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CHAPTER 5: TOWARDS TRL 4: ASSESSING ICARUS MEMBRANE PERFORMANCE

5.1

Introduction
The ICARUS technology has undergone substantial testing at the small-scale to validate proof-of-

concept theories for the membrane photobioreactor design. This novel design has the potential to
overcome significant barriers faced by algae cultivation technologies, but further validation is needed.
5.1.1

Requirements for TRL 4
Previous ICARUS testing and validation confirmed theoretical and proof-of-concept application for

the technology. These analyses were primarily conceptual and at the small scale-achieving a TRL 3
rating. Critical functions were validated; however, in order to progress the technology to TRL 4 rating,
various elements should be integrated for further. For this, specific components of the technology
previously theoretically or preliminarily validated, should be tested more extensively. With this testing,
overall technology performance can begin to be assessed. Findings from TRL 4 will give significant
insight into future technology development. (Mankins, 1995)
5.1.2

Knowledge and Data Gaps
The ICARUS membrane photobioreactor floats at the surface of a water body and relies heavily on

the membrane bottom for the passive diffusion of dissolved constituents to support crop health. Adequate
diffusion of nutrients and gases is needed for growth along with the removal of byproducts to prevent
inhibition (Ojanen et al., 2014). Diffusivities (affecting rate of diffusion) of nutrients will vary depending
on membrane properties and environmental conditions. Therefore, with ICARUS membrane material
selected, diffusion should be examined more closely. Theoretically, it is that assumed that constituents in
the background water smaller than the pore size cutoff of the selected membrane cannot pass through.
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This assumption suggests crop protection capabilities in outdoor environments where crop protection is
not normally possible. Experimental testing is needed to assess the validity of these claims.
5.1.3

Experimental Assays
In order to advance the ICARUS technology, proof-of-concept assumptions must be further

assessed. Though the research and preliminary testing has confirmed that the ICARUS concept has
validity, integrating components will provide more insight into overall technology performance in future
iterations. Four technology components of primary concern have been selected for assay and further
examination. Table 5.1 provides each assay performed and the reason for further testing. All four of the
assays performed involved assessment of membrane performance. Assay 1 investigates further diffusion
through the ICARUS membrane of dissolved constituents; preliminary testing has showed that passive
diffusion through the membrane is sufficient to support algal growth, but further testing is needed to
assess diffusion rates and subsequent growth limitations. With the eventual likelihood of growth algae
limitations due to the ICARUS reliance on passive diffusion, assay 2 aims to investigate diffusion
enhancement via mixing and backwash operational techniques; future ICARUS iterations will likely need
to incorporate some diffusion enhancement protocol for long-term growth. Assay 3 aims to test the crop
protection efficacy of the ICARUS membrane against a known algal predator, the rotifer. Finally, with
membrane fouling likely to occur and reduce membrane diffusion, preliminary field test samples will
provide insight into biofilm formation and foulant distribution on both sides of the ICARUS membrane
surface.
5.2

Assay 1: Diffusion Determination

5.2.1

Introduction and Objectives
In order to enhance algal growth over time with the use of a membrane for gas and nutrient

delivery, effective membrane mass transfer must be maintained. With the ICARUS design, passive
diffusion is the primary mechanism for mass transfer and is driven by concentration gradients. Based on
Fick’s Law of Molecular Diffusion, this membrane diffusion is also strongly influenced by particular
constituents’ diffusion coefficients, which vary depending on species and the diffusion medium (in this
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case, the water and membrane). These concentration gradients are more easily controlled in a lab setting,
but this is not possible in outdoor settings, especially with wastewater as a growth medium. The gradients
of concentrations are maintained by algal uptake; however, the algae crop cells require different ratios of
constituents based on metabolic needs, and so species will not diffuse at the same rate (e.g., uptake rates
for nitrogen are not the same as for phosphorus). In general, it is assumed that better diffusion over time
will result in more algae produced, and so this achieving optimum diffusion is a driving parameter of
ICARUS design and operation. This assay aims to investigate the efficiency of diffusion through the
ICARUS membrane in an attempt to gain further insight into potential technology limitations due to
passive diffusion for future design considerations.
Table 5.1: Breakdown of assays performed for ICARUS TRL 4 testing
Assays for Technology Component
Reasoning/Description
Assessment
1: Diffusion Determination
ICARUS algae cultivation relies heavily on
membrane diffusion
2: Diffusion Enhancement through Mixing and Enhanced diffusion likely translates to
Backwash
enhanced ICARUS algae growth
3: Exclusion of Biological Contaminants (Crop ICARUS membrane theoretically provides
Protection)
physical barrier against biological
contaminants; testing is needed to confirm
4: Foulant Analysis (Field Samples)

5.2.2

ICARUS membrane fouling will reduce
diffusion

Materials and Methods
Diffusion through the ICAURS membrane was tested by comparing concentrations within the

ICARUS reactor to concentrations outside the reactor (in the background) over time. For this testing, the
new ICARUS prototype bottom shell was used, no lid was attached for ease of testing. Previous ICARUS
testing used conductivity as a proxy parameter to monitor nutrients diffusing through the membrane, and
so was used first in this testing. A larger pore sized membrane for faster mass transfer of both water and
gases (from the previous 50 kDa PVDF) was deemed necessary moving forward, and so, three new
membranes were tested: 300 kDa PES, 400 kDa PAN, and 800 kDa PVDF. Conductivity was measured
inside and outside of the ICARUS reactor on virgin membrane samples first without algae to reduce

68

variability. Conductivity in the background water (5 L) was simulated with 0.5 g L-1 Miracle Grow
fertilizer salts, with 2.5 L of DI water inside the reactors. The same test was run with the selected PVDF
membrane, this time with algae inside the ICARUS reactor. Figure 5.1 shows the experimental set-up
testing conductivity diffusion with algae present.
Though conductivity can serve as a proxy for ionic nutrient diffusion, specific nutrients will diffuse
at different rates and should therefore be examined separately. Due to observed variability with the rates
of nutrients diffusing into the ICARUS reactor, nutrient diffusion was monitored more closely. These
tests were run in the lab setting without the presence of algae to reduce variability. Phosphorus was dosed
in the background tank (6 L) to a concentration of 11.67 mg L-1 KH2PO4; this concentration was used to
simulate an equilibrium concentration of roughly 8 mg L-1, similar to those found in municipal
wastewater. (To note, the measured concentrations were slightly lower than the targeted). COD was also
monitored; experimental dosing to 133 mg L-1 of C6H12O6 in the background tank was used to simulate a
target equilibrium concentration of 100 mg L-1. Deionized water was used to fill the prototype bottom
shells to a volume of 2 L.
5.2.3

Results and Discussion
The PVDF was selected over the PES and PAN due to the faster time to equilibrium, 97.8 hours

versus 212.5 and 166 hours, respectively (Figure 5.2A). It is important to note that the starting
concentration gradient for the PAN was lower than the other two due to the higher concentration inside
the membrane; however it is assumed unlikely that with the same concentration gradient, it would have
performed as well as the PVDF. The results from the trial with algae present indicate a much faster time
to reach equilibrium (Figure 5.2B); however, the driving force due to concentration gradient was much
lower. This faster time be partially attributed to the additional driving force provided by the uptake of
nutrients by the algae crop inside the reactor, but the overall rate of diffusion is equal to that of the
slowest of the three membranes tested without algae, PAN (3 µS cm-1 h-1). The 33% reduced rate of
diffusion is likely due to fouling of the membrane or concentrating effects at the membrane surface due to
algal growth. A summary of these results is provided in Table 5.2.
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When analysing the resutls from nutrient diffusion testing, there is more variability. The results
summarized in Table 5.3 imply that phosphorus doesn’t diffuse through as well as glucose measured by
COD. Due to the similar molecular weights of the compounds used in this testing, diffusion rates were
assumed to be more comparable. The significant difference observed in diffusion rates must therefore be
due to other mechanisms other than molecular weight cutoff. Based on previous studies, orthophosphates
are known to be a major cause of scalant on membranes and are dominant precipitates found on fouled
membranes used for industrial water treatment. This study suggested maintaining phosphorus
concentrations below 0.3 mg L-1 to prevent phosphate precipitation and subsequent biofouling. (Guo et
al., 2012) Based on these findings, it is likely that phosphorus began accumulating at the membrane
surface (i.e., and not diffusing into the reactor). This accumulation would have resulted in a higher
concentration of phosphorus at the membrane than inside the reactor, altering the concentration gradient
and reducing diffusion. Requiring higher concentrations of phosporus than suggested for induced passive
diffusion and algal growth, future ICARUS iterations should attempt to minimize phosphorus membrane
scaling in other ways (e.g., membrane backwash, cleaning, etc.)

.
Figure 5.1: Conductivity diffusion test with algae
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A

B

Figure 5.2: Conductivity diffusion through virgin membranes (A) without algae and (B) with algae
Table 5.2: Conductivity diffusion summary

No Algae

PVDF
PES

64
7

Driving
Difference
-1
(µS cm )
992
928
861
854

Algae

PAN
PVDF

456
519

1039
702

In

Out

Time to
Equilibrium
Hours
98
166

(µS cm-1 h-1)
9
5

212
55

3
3

583
182

9

Concentration (mg/L)

8
7
6
5
4
3
2
1
0
0

5

10

15

Time (Days)
Inside

Outside

Figure 5.3: Diffusion of total phosphorus
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Rate

5.3

Assay 2: Diffusion Enhancement through Mixing and Backwash

5.3.1

Introduction and Objectives
Previous data supports the need for better diffusion within the ICARUS reactor for more effective

long-term algal growth. Continuous mixing within the ICARUS is likely to result in the best mass transfer
of light and nutrients to contained algal cells. Mixing has been reported to not only enhance mass transfer,
but also light/dark cycling within a reactor and reducing adverse effects from accumulation of inhibitory
compounds (Ojanen et al., 2014; Posten, 2009). However, it is important to note that this would require
complicated reactor configuration for the current ICARUS design (i.e., some sort of built-in mixer within
the floating reactor) that has not yet been established for sustainable operation. Backwashing is another
possible technique to encourage better mass transfer through the ICARUS membrane, (Ojanen et al.,
2014) and possible mixing of reactor contents. A backwashing regime could be induced via physical
agitation of the reactor or forced flow through the membrane via pressure changes within the reactor due
to pumping gas or liquid in/out of the reactor. This assay aims to investigate the potential enhanced algal
growth from both mixing and backwashing techniques individually to provide more insight for future
ICARUS design iterations.
5.3.2

Materials and Methods
The ICARUS reactor was preliminarily scaled up to begin testing functionality beyond the small,

80mL jar reactor design. A commercial, off-the-shelf ‘reactor’ (3L plastic shoe box with gasket seal lid)
was purchased from the Container Store (Tampa, FL). The lid of this box was cut and replaced with the
ICARUS membrane, sealed with waterproof tape (Home Depot). Holes were put in the top of the new
reactor for ventilation to avoid dewatering issues observed in the past. This new design brought the
ICARUS functioning volume to 3 liters. The ‘shoebox’ reactor was used for preliminary lab and field
testing and can be seen in Figure 5.5. Though this reactor was larger, and quick to assemble, major
leaking was observed at the lid gasket seal which demanded further redesign of the ICARUS reactor.
Mixing and backwashing were assessed as possible upgrades to the ICARUS reactor design. Four
ICARUS shoebox reactors were tested in the lab as described in Table 5.4. ICARUS diffusion was
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compared to the same reactor vessel without a membrane lid with and without mixing (Figure 5.) of a 17
day trial. ICARUS reactors tested were inoculated with DI water on the inside and synthetic media on the
outside. Other reactors were inoculated with the synthetic media to the same total mass as the overall
ICARUS configuration (i.e., including both inside and outside volume); this led the ICARUS reactors to
equilibrate to an overall lower concentration than the starting concentration of the controls due to larger
total volume. The overall mixing setup is shown in Figure 5.7 with two ICARUS reactors tested.
Backwashing was experimentally tested to observe effects on ICARUS diffusion. Backwash was
initiated by controlled vertical agitation. The reactor was lifted up and submerged down a distance of 2”
in each direction once per day for 5 days. A control ICARUS reactor was tested simultaneously and not
backwashed. The experimental setup for backwash testing is shown in Figure 5.8.
5.3.3

Results and Discussion
Mixing within the shoebox reactor enhanced algal growth as compared to the ICARUS diffusion

and non-mixing suspended control. Mixing does slightly enhance nutrient uptake (Figure 5.9), where
biomass production is enhanced 125% (Figure 5.10).
Because this mixing was generated via a stir plate in the lab, it is not a viable solution for future
ICARUS design, especially for use in the field. Moving forward, reactor geometry design and operation
should attempt to enhance mixing for best algal growth results.
Vertical agitation (lifting reactor up and down in water) does not affect diffusion of soluble nutrient
through membrane. This backwash regime likely did not generate enough pressure to induce backwash
through such a fine pore sized membrane; the backwash was too short and not forceful enough to
encourage diffusion. Figure 5.11 shows the concentrations of TN and COD in the reactors with and
without backwash; both reactors have the same resulting diffusion.
This finding suggests the need for either a) larger pore sized membranes for better diffusion during
a backwash, or b) higher pressure for sustained periods to force a backwash through the small pores. In
order to maintain sufficient crop protection, the latter option will be investigated further without
increasing membrane pore size. A more pressurized backwash, to mimic backwash in nominal membrane
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operation, at higher rates and longer duration is shown in the schematic Figure 5.12. In this scenario,
biogas produced by algae could be vacuumed out of the system in order to draw water into the reactor;
conversely gas could be pumped into the system in order to push water out. Pushing air in and water out
would effectively dewater the reactor (as passively observed in previous testing), but now in a controlled
manner. Algae biogas can be allowed to passively vent until backwash and then again at the time to
harvest, when gas is pumped into the system to manipulate water levels in the reactor. This induced
backwash could also be performed on a more frequent frequency and shorter duration to induce
intermittent suction as described by Guo to help minimize fouling (Guo et al., 2012). If this forced
diffusion is not possible, in order to minimize fouling and enhance mass transfer, other options include:
membrane cleaning (both preventative and curative) or inducing tangential shear on the membrane
surface. Future ICARUS testing should investigate these options further.
Table 5.3: Nutrient diffusion without algae summary
Driving
In
Out
Difference
(mg L-1)
TP
0.2
7
7
COD
0
151
151

Time to
Equilibrium
Days
14
12

180

Concentration (mg/L)

160
140
120
100
80
60
40
20
0
0

5

10

15

Time (Days)
Inside

Outside

Figure 5.4: Diffusion of COD
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Rate
(mg L-1d-1)
0.5
13

MW
(g mol-1)
174.2
180.2

A

B

Figure 5.5: ICARUS shoebox reactor lid (A), assembled (B)

Figure 5.6: Schematic of mixing test set-up

Figure 5.7: Mixing test experimental set-up
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Figure 5.8: Backwash test experimental set-up
Table 5.4: Mixing and backwash testing: compared reactors
Diffusion
Mixing
ICARUS Shoebox
ICARUS membrane
Mixed Shoebox
On Stir plate
Control Shoebox
Backwash Shoebox
ICARUS membrane
Stationary Shoebox
ICARUS membrane

Backwash

Manual Vertical Agitation

48

Concentration (mg/L -TN)

46
44
42

40
38
36
34
32
30
0

5

10
Time (Days)
Mixing
No Mixing

Figure 5.9: Uptake of total nitrogen with and without mixing
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15

20

600
Final Concentration

Dry Weight (mg/L)

500

Starting Concentration

125%

400

300
200

28%

0%

5%

100
0

No Mixing

Mixing

ICARUS In

ICARUS Out

Figure 5.10: Changes in biomass production due to mixing. The red line designates the starting
concentration for all series

Concentration (mg/L)

200
150
100
50
0
BW
BW No BW No BW
inside outside inside outside
Start
TN

BW
BW No BW No BW
inside outside inside outside
End
COD

Figure 5.11: Backwash (BW) vs no backwash (No BW) diffusion results (start and end)

77

Figure 5.12: Concept for better backwashing
5.4

Assay 3: Exclusion of Biological Contaminants (Crop Protection)

5.4.1

Introduction and Objectives
Outdoor algae cultivation is highly susceptible to contamination. Crop protection techniques would

allow for longer-term culture growth and enhanced biomass production. In order to test ICARUS crop
protection, trials were conducted to test against grazing from rotifers. While methods for testing are
traditional, the design of this experiment is unique to accommodate for the innovative system tested. The
experiment sought to compare results of two previous membranes types (50 kDa PVDF and 7 μm Nylon).
Previous membrane screening studies indicate that these particular membranes out performed others with
regard to algal growth rates and biomass accumulation over time (Drexler, 2014).
5.4.2

Materials and Methods
In addition to membrane variability, the experiment also tested crop protection using two different

alga species inside the system: Chlorella sorokiniana, and Nannochloropsis sp. Most ICARUS testing is
performed using Chlorella sp. due to its robust nature, fast growth rate, and extensive available
comparable market research. In an attempt to assess whether the rotifers would have a preference to feed
on Nannochloropsis (the stock rotifer food source) over Chlorella (a new food source), Nannochloropsis
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sp. was also tested. An overview of the trials tested are outlined in the experimental matrix (Table 5.5);
each trail ran for 7 days.
This testing employed the ICARUS pods in the lab raceways (described further in Section 2.3.3)
The pods sit within the raceways, which contain recirculated media (and rotifers, depending on the trial
condition). A schematic of the experimental set-up is shown in Figure 5.13. The suspended culture
controls (i.e. no membrane) in this experiment were cultured in previously tested glass jars just outside of
the raceways (Drexler, 2014). Each algae pod was inoculated to an algal concentration of 0.1 OD (optical
density) at 680 nm (Figure 5.14).
Before rotifers were inoculated into the background media, they were first filtered through a 50 μm
filter to both concentrate the inoculant, and to remove as much “non-rotifer” content as possible before
inoculation. This 50 μm sieved concentrate was then examined microscopically to determine an estimate
of rotifer concentration via counting; rotifers were inoculated at approximately 100 rotifers per milliliter.
Bi-daily samples were collected from all pods and background water. Algal growth was monitored
throughout the experimentation via OD. Total trial volume was concentrated and representative samples
analyzed microscopically for the presence of rotifers at the end of the 7-day experiment. This
quantification was performed based on visual microscopic scanning on a hemocytometer. Each sample
(total volume, i.e. the entire contents of the inside of the pod and equivalent representative volume of
background water in raceway) was concentrated through a 50 μm (smaller than a rotifer) sieve. The
concentrated samples were fixed using formalin fixative for preservation. Three 10 μL samples from each
trial sample were then scanned under the microscope at 10x magnification for rotifers. Figure 5.15 shows
a rotifer image captured during this analysis.
5.4.3

Results and Discussion
The goal was to analyze any changes in algal density due to rotifer predation. Microbial growth was

monitored via OD for this experiment. It is assumed that if rotifers were to contaminate the algae culture,
the algae OD680 would decrease. There was no significant difference observed between the two membrane
pore sizes tested (50 kDa, n=15 and 7 μm, n=10). As represented by the growth results displayed in
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Figure 5.16A, comparable growth between ICARUS algae grown (n=25) with and without the presence
of rotifers (n=25) in the background media was observed. This represents a lack of infiltration and
background influence of the grazing rotifers on the algal crop. The ‘Just Media Raceway’ represents the
raceway control that was not inoculated with rotifers (i.e., the background media for the ‘ICARUS Algae’
samples). The ‘Rotifer Raceway’ was inoculated with the desired starting concentration of rotifers, along
with some algae from the rotifer stock solution; this background algae in the rotifer raceway represents
the growth at OD680 in Figure 5.16B. Overall very low algae growth was observed both within ICARUS
rectors, but also in suspended controls and raceways. It is hypothesized that this was likely due to
insufficient light intensity from fluorescent bulbs, as previous testing was more successful using this setup
(Drexler, 2014).
The second parameter monitored during this experiment was the presence of rotifers in all trials.
Varying proliferation of rotifers was observed in all trials initially inoculated with the grazers; the
corresponding results can be seen in Figure 5.17. No infiltration of rotifers through the ICARUS
membrane was observed. The higher proliferation of rotifers in the ‘Outside ICARUS’ sample (referred to
previously as rotifer raceway) is likely due to the higher volume and recirculation of the media in the
raceway versus the control jars. Less proliferation of rotifers was observed in the algae-rotifer control;
this could be why very little predation of algae (based on OD 680) was also observed. Based on literature
reports, it was hypothesized that rotifer predation would have resulted in reduction of chlorophyll in the
cultures, observable with OD680 (Park et al., 2011), however this was not observed in this testing. These
results imply that the ICARUS membrane can provide crop protection against grazers, but further testing
is needed at a larger scale with better algae culture growth and in an outdoor environment.
With an end goal of high algal density (and subsequent biomass harvested in larger scale systems),
ICARUS algal growth should achieve or exceed suspended algal culture growth. The algae (raceway)
control is observed growing steadily throughout the trial run. Comparatively, the rotifer (raceway) control
fluctuates, perhaps due to the vacillating predation/growth between the rotifer and algal culture. The
apparent decline in ICARUS algal growth at the end of the trial runs may represent a reduction of mass

80

transfer across the membrane due to settled algae cells at the membrane surface. Periodic backwashing
may help to prolong adequate mass transfer and will be tested in future studies of the system. It may also
be worthwhile to test the system against different biological contaminants, for example ciliates.

Figure 5.13: Schematic of ICARUS pods in raceway during crop protection testing
Table 5.5: Matrix of experimental trials
Membrane Size

Algae Type
Chlorella vulgaris

ICARUS

7 μm Nylon
Nannochloropsis sp.
Chlorella vulgaris
50 kDa PVDF
Nannochloropsis sp.

Controls

Chlorella vulgaris
Suspended Culture,
No Membrane

Nannochloropsis sp.
No Algae Present
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Rotifer Presence
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No

Figure 5.14: ICARUS pods in raceway during crop protection testing

Figure 5.15: Rotifer from experimental testing
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Figure 5.16: Microbial growth (OD at 680nm) results (A & B).
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Figure 5.17: Rotifer proliferation results. Note: Samples designated by * were all inoculated to the
‘Starting Concentration’ of 100 mL-1.
5.5

Assay 4: Foulant Analysis (Field Samples)

5.5.1

Introduction and Objectives
Membrane fouling is observed to negatively affect ICARUS culture growth due to mass transfer

reduction over time, culture growth decline due to accumulation of inhibitory compounds, and premature
passive dewatering. It is hypothesized that microorganisms are accumulating on both sides of the
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ICARUS membrane due to the nature of the reactor design. With that, this microbial accumulation is
likely more significant and diverse with wastewater as a growth medium due to: outdoor, open water and
inherent, diverse microcosms. Previous studies of fouled membranes for water treatment have observed
biofoulants occurring in layers of both living and dead microorganisms and their respective EPS (Guo et
al., 2012). Due to the stagnant nature of the water within the ICARUS reactor it is also assumed that algal
cells accumulate on the membrane surface in layers. The aim of this assay is to gain further insight into
the biofouling occurring on both sides of the ICARUS membrane to dictate the need for membrane
orientation, and backwashing or cleaning regimes for future ICARUS iterations.
5.5.2

Materials and Methods
Membrane foulant analysis for this assay employs the use of confocal laser-scanning microscopy

(CLSM). With this tool a visual analysis of biofilm accumulation over time can be collected. This
technique was used to analyze various membrane samples collected over periods of time via sacrificial jar
reactor samples tested in a secondary clarifier municipal wastewater treatment plant setting. Both the 50
kDa PVDF and 7 μm Nylon membranes were tested. The goal of using this tool is to determine which
microorganisms (i.e., algae or bacteria) are accumulating and where along the membrane surface, both
inside and outside of the bioreactor. These imaging results will also provide a conceptual figure of the
previously described duplex biofilm, over time. The detailed procedure and staining protocol for this
testing can be found in Section 3.7.2 of this dissertation.
5.5.3

Results and Discussion
CLSM results from jars grown at WWTP were collected. After 20 days in the field, the biofilms

averaged 20 μm and 10 μm in thickness for the bacteria-side and algae-side, respectively. Using the
staining technique described in Chapter 3, it was able to be visualized that dead algae cells are
accumulating at the membrane surface, and live cells remain at the top (furthest away from the
membrane) of the cells settled on the membrane, or biofilm. This layering of cells signifies a need for
either better light distribution, mass transfer of cell nutrients and gases, or likely a combination of both. If
cells are dying at the membrane surface, they are not getting the necessary requirements to sustain life.
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Overall, this sustained settling of cells suggests that better mixing within the reactor is needed to avoid
the stagnation and settling within the reactor to enhance cell growth.
ICARUS membrane performance was observed and tested. This testing sought to develop
techniques to enhance diffusion through the ICARUS membrane. Though it was found that mixing will
enhance growth, and therefore nutrient uptake within the reactor, a method to generate mixing within the
ICARUS reactor has not yet been conceived. One potential option would be to harness mixing
background waters to agitate the ICARUS reactors (e.g., similar to how the OMEGA system harnesses
wave energy to induce mixing within the reactors, described in more detail in Chapter 2). Similarly, a
successful backwash may generate intermittent mixing. Future testing and reactor design should plan for
activated backwashing regimes.
With minimal advancements towards improved mass transfer techniques and observations of
microorganisms accumulating at the membrane surface, likely contributing to mass transfer decline over
time, it may be necessary to incorporate more frequent harvesting events for ICARUS systems. Rather
than cultivating for long periods, short cultivation times with intermittent harvesting events, where
membranes are scraped clean, could result in better overall biomass accumulation. If membrane scraping
and reactor harvesting can return mass transfer rates to virgin (or close) conditions, this is likely a bettersuited operational plan. With that, techniques can still be developed and tested to improve mass transfer to
better meet needs of algal cultures.
The results of the crop protection testing imply that protection from the rotifer grazer can be
achieved for the cultivation of algae, but should be further tested. As previously described, there are
methods to control contamination, but all have negative effects on resulting algal growth. With common
methods, there is no inherent control for protecting the desired algal crop. The ICARUS system provides
a potential solution to overcome these barriers, while prioritizing on the production cost savings
associated with outdoor growth.
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5.6

Conclusion
The algae cultivation system tested in this study presents a viable solution to provide crop

protection in outdoor environments. The system was successful at not allowing for the infiltration of
rotifers into the membrane-enclosed algae crop. Overall algal growth within the tested system was
slightly lower than the suspended algae control. Further testing of the system will include emphasis on
enhanced algal growth for better biomass production. An aspect that must be further considered in future
testing is that of the mass transfer over time through the membrane; reduced mass transfer greatly limits
algal growth. Techniques will be tested to optimize both mass transfer through the membrane over time
and potential corresponding mixing and/or backwashing techniques. Crop protection viability for outdoor
algae cultivation has the potential to positively influence long-term, large-scale algae production. In
conclusion, there are still much room for improvement with respect to enhancing dissolved constituent
diffusion through the ICARUS membrane overtime.

Figure 5.18: Day 10 Nylon membrane at 20x magnification
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Figure 5.19: Day 20 PVDF algae-side membrane at 20x magnification

Figure 5.20: Day 20 PVDF wastewater-side membrane at 20x magnification
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CHAPTER 6: TOWARDS TRL 5: PROTOTYPE DEVELOPMENT AND ASSESSMENT IN A
SIMULATED ENVIRONMENT

6.1

Introduction
Recent seasonal excess nutrients discharged into environment have caused frequent algal blooms.

One particular direction to avoid such massive, uncontrolled algal blooms, is to cultivate algae in a
controlled system at point sources of the generated nutrients. Though algae naturally grow in waters high
in nutrients, there are major barriers affecting large-scale, controlled algae cultivation. These include
water loss due to evaporation, nutrient cost, culture crashes and downstream processing costs (Buckwalter
et al., 2013; Drexler & Yeh, 2014). Outdoor algae cultivation is commonly performed using either
expensive photobioreactor (PBR) closed systems, or algal pond open systems. A system to overcome
these barriers and provide a possible solution would require scalability, ease of operation, low energy
input, and reliability to be deployed in the variable, often not easily accessible locations. The ICARUS
technology provides a potentially viable solution to this problem, but requires further testing and a
functional-scale prototype. Thus far, testing has been at the small-scale and on individual component
level; lessons learned and design innovation are needed to generate a functional prototype for continued
technology development.
6.1.1

Requirements for TRL 5
A detailed investigation of ICARUS components was performed in order to achieve a TRL 4 rating.

Lab-scale testing assessed membrane diffusion, investigated techniques for membrane diffusion
enhancement, tested membrane crop protection, and visually analyzed membrane biofoulant
accumulation. This testing was performed in order to gain further insight of component-level technology
viability. Moving forward to TRL 5, more intensive testing is required. In order to achieve TRL 5,
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technology elements must be integrated so that complete application can be assessed. This assessment
must be performed in a relevant environment that is at least simulated to mimic future full-scale
operational environments. (Mankins, 1995) To be able to test the performance of the ICARUS technology
in a simulated relevant environment, a new prototype is needed that functionally integrates all
components at an applicable scale.
6.1.2

Technology Development
In order to redesign the ICARUS reactor to a more functional scale, previous lessons learned need

to be considered to clearly establish prototype criteria and needs. Table 6.1 summarizes major findings
and observations to date. With plans to deploy ICARUS in any waterbody with suitable water quality to
support algae growth (e.g., wastewater tanks, agriculture stabilization pond, stormwater pond, etc.), a new
ICARUS design must be adaptable and easily deployed and operated. Primarily, future ICARUS reactors
need to: 1) maintain membrane diffusion by reducing membrane fouling, 2) continue to maintain physical
separation between algal crop and outside contaminants, 3) be harvestable, especially at a larger,
functional scale, and 4) have modularity for deployment at various sites, as needed.
6.1.3

Experimental Assays
In an attempt to further the ICARUS technology to a TRL 5 rating, three assays were performed.

First, a new prototype was designed based off of previous TRL level testing observations and findings for
a more functional reactor for further technology testing. With a new design, the prototype was then
fabricated primarily via a vacuum forming technique. After fabrication procedure was finalized and
successful, the newly designed prototypes were able to be tested. The second assay involved lab testing of
the ICARUS prototype in a controlled environment with simulated wastewater as a growth medium.
Because the primary goal of the ICARUS technology is for it to perform outdoors using natural sunlight
as an energy source, the third assay involved testing the ICARUS prototype in an outdoor tank at the USF
campus also using a simulated wastewater as a growth medium. Table 6.2 outlines these three assays
performed.
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Table 6.1: Findings leading to TRL 5 reactor scale-up and design
Phase of Testing
TRL 1
TRL 2

Finding
WW as an Algae Growth Medium
Membrane Pore Size: 40 kDa-0.2 µm
Enhances Biomass Yield

TRL 3

Gas Regulation
Growth Enhanced by Mixing
Backwash Testing Needed

TRL 4

ICARUS Algae Cells Settle
Crop Protection Occurs

Observation
Algae successfully cultivated in secondary effluent WW with membrane
diffusion
Field testing of pore sizes ranging 40 kDa-0.2 µm suggest this range ideal
for biomass growth
When compared to suspended culture, ICARUS cultures result in higher
culture density in the field (WWTP)
Jar Field Test: Dewatered jars after 10 days in field (WWTP) → Gas
pressure must be regulated
Biomass growth enhanced 125% by mixing
Nutrients diffuse at different rates through virgin membrane
Physical lifting/pushing not enough to force backwash
Larger pore size and higher pressure suggested for backwash
Confocal microscopy revealed dead cells accumulating on the membrane
surface with viable cells on top
Jar Lab Test: Crop protection maintained against grazer, rotifer
Unialgal cultures able to be cultivated
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6.2

Prototype Development

6.2.1

Design
To meet these predetermined ICARUS needs, a revamped ICARUS concept was designed (Figure

6.1A-C). Slanted bottoms would reduce cells settling on the membrane surface and increasing crossflow
shear on the membrane surface, theoretically reducing membrane fouling (Sun, 2013). Two membrane
pieces would be incorporated to provide the slant and trough geometry, and also to enhance replicability
in case membrane repair or replacement was needed. Strategic liquid and gas ports are incorporated to fill
and harvest reactor contents, and vent reactor biogas to avoid premature dewatering and possibly induce
backwash, respectively. Reactors are envisioned to connect in series so that the overall system be
scalable, depending on specific site needs (Figure 6.2). Individual reactors would be connected via a
collection trough at the bottom, to enhance harvestability. Table 6.3 summarizes reactor features (new and
old) and the corresponding effects on the technology.
Table 6.2: Outline of assays performed for TRL 5 testing
Assay Description
1
Prototype Development
2
Indoor (lab) Prototype Evaluations
3
Outdoor (tank) Prototype Evaluations

A

B

C

Figure 6.1: ICARUS prototype design
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Figure 6.2: ICARUS prototypes in series
Table 6.3: ICARUS prototype features and corresponding functions
ICARUS Features
Technology Advantages
Floats in (pre-existing) impaired waters
Utilizes (free) nutrients from impaired waters
Membrane bottom

High density algae crop from (free) sun energy
Algae crop protected from insoluble contaminants

6.2.2

Tapered bottom

Enhanced harvesting and tangential shear

Gas Regulation

Passive / Active Dewatering

Fabrication
Previous reactor design utilized prefabricated containers. Moving forward in scale-up production,

custom-built reactors are fabricated in the lab. Vacuum-forming was selected as the process best for the
reactor shell, due to the flexibility of design. Molds for the two-piece shell were store-bought- lid
(Container Store, Tampa, FL), or custom-built from wood- bottom (Figure 6.3). The material selected for
the reactor shell required transparency for light penetration, and optimized thickness for both structural
integrity and mass savings for flotation and future large-scale production costs.
To fabricate the shell, a vacuum-forming system was built including: a vacuum table, insulated
heating elements, PETG plastic sheeting, and custom molds for the two-piece reactor shell. Vacuum
forming is a method of rapidly producing identical plastic products by stretching a heated a sheet of
plastic over a mold. To have this process done “in house”, several configurations were constructed,
consisting of a 24 sq. in pegboard forming table with heating element converted from two space heaters
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(Home Depot). The final design was to have the heating element positioned directly above the forming
table. This allowed for minimal cooling from heated plastic media to the mold atop the forming table.
Once the geometry of the ICARUS pod was determined, taking in to consideration of the allowable draw
(plastic stretch) and angle sharpness of the product material, 2mm clear PETG (Alro Plastics), a mold was
modeled using a 20 mm X 25 mm glass dish (Container Store) for the top and wood for the bottom. A
custom bracket was made to hold the plastic sheet in place throughout the forming process as a way to
prevent webbing (extra material folded over onto itself) and to maximize a vacuum seal. To avoid
scratches in the finished product the protective film was left during production to achieve optimal clarity.
Through several test runs and use of a thermal imaging camera, even heating could be achieved by
adjusting the positioning of the element. The ideal heating time was determined to be about 3 minutes
(approximately 65°C) for proper “droop” of half the mold’s depth from these iterations. Overheating of
the plastic sheet causes too much droop which led to mold ruining webbing. Once the heating and mold
characteristics were set, the sheet of plastic in its bracket was placed under the heating element. Once the
sheet was heated for the determined time the heater was turned off and the vacuum under the table was
turned on and the bracket was quickly lowered on to the pod mold. Even with the maximum vacuum on
the mold, corners needed to be more defined within the plastic and need to be finished with use of a heat
gun being careful not to overheat the section and cause thinning. With the mold cooled, the excess was
cut off with a Dremel rotary and edges were sanded smooth. The last step was to remove the protective
film from finished product. Much preliminary testing of the system was required to optimize the resulting
product including: heating time, distance from heating elements, and overall technique. It was essential to
get thorough and even heating to ensure sufficiently detailed plastic forming to the mold. This was
particularly important for the corrugated mold that was incorporated into the reactor shell lid for enhanced
structure strength. Figure 6.4 shows photos of the vacuum forming assembly and process.
Having a water-tight is critical for ICARUS function. Gaskets are custom-molded to fit the reactor
shell. The gasket is sandwiched between reactor shell and reinforced with two frame pieces that are slid
over both shells; nuts and bolts are used to pinch the gasket to provide a seal (Figure 6.6). Membranes
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pieces are cut to size and glued to the bottom reactor shell; future designs plan to incorporate replaceable
membrane cartridges for better reusability. The final product of this fabrication is a 2-piece reactor with a
culture volume of 2.5 L (Figure 6.5).

Figure 6.3: Prototype molds and corresponding reactor shells
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Figure 6.4: ICARUS vacuum-forming

A

B

Figure 6.5: Final prototype reactor (A) 2-piece shell and (B) assembled
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Figure 6.6: Exploded view of prototype components
6.3

Indoor (Lab) Prototype Evaluation

6.3.1

Introduction and Objectives
With a new prototype reactor, testing is needed to assess the design. The purpose of this

experimentation is to assess the functionality of the recently updated ICARUS prototype design with
controlled synthetic media as a growth medium. In order to determine effectiveness of this new algae
membrane photobioreactor design, both the rate and length of algal growth supported by the reactor.
These two identified parameters are highly dependent on reactor geometry and membrane fouling. Algal
growth is assessed by monitoring biomass accumulation over time. Membrane mass transfer is assessed
via: dissolved oxygen accumulation within reactors, pH changes (i.e., carbon dioxide uptake by algae
tends to result in pH increases), conductivity (i.e., as a surrogate for ion nutrients), and relevant nutrient
concentrations inside and outside the reactor (e.g., total nitrogen, total phosphorus, ammonia, nitrate, and
COD).
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6.3.2

Materials and Methods
In order to test the prototype, experimentation was carried out first in an indoor, controlled setting,

the lab. The prototype is tested against suspended culture controls and also the previous ICARUS jar for
comparison. Background water is assessed to track mass of nutrients and background growth in the tank.
Evaporative water losses (and corresponding concentrating effects) are overcome by maintaining water
levels in both lab and outdoor testing with water additions (DI in lab, tap outdoors). One prototype is
oriented with probes mounted in the lid to continuously monitor: pH, dissolved oxygen, temperature, and
conductivity; this prototype is harvested last to monitor these parameters throughout the testing trial. The
same parameters are continuously monitored in background tanks. Harvested reactor contents, as well as
samples collected from background tanks, are measured with the same probe parameters, and further
analyzed for total volume, OD at 680 and 750 nm, dry weight, soluble total nitrogen, total phosphorus,
ammonia, nitrate and COD concentrations. Chlorophyll ratios were calculated as a signifier of algal
culture health as described by Drexler (2014) with the following equation.
(OD680-OD750)/OD750

Eq. 6.1

Prior to starting the experiment, membranes must be cut and attached to the respective vessels for
testing (i.e., jar or prototype). Algae is inoculated as described in Chapter 2 with DI for ICARUS samples,
and Miracle Grow fertilizer for controls. In order to compare ICARUS reactor growth to suspended
control cultures, background growth media needed to be delivered to control cultures. Background growth
media for ICARUS cultures also needed to be determined for both lab and larger scale outdoor tanks.
With intent to test cultures in wastewater, the post-BOD wastewater was used as a target for synthetic
media. Most fertilizers are compared using N:P:K ratios, and so these parameters were compared for five
different fertilizers on the market (Table 6.4). All fertilizers, and controls, achieve the nutrient content
suggested by the Redfield ratio of 16:1 N:P for algal growth (Redfield, 1958). The below table
normalized nutrient ratios to phosphorus content. Miracle Grow was selected for the closest N:P:K ratio
to post-BOD wastewater.
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Fertilizers
Tested

Control
Media

Table 6.4: Fertilizer assessment for N-P-K ratios similar to WW
N

P

K

Post-BOD Wastewater

5.7

1.0

1.4

Bold 1NV media

1.7

1.0

1.3

Bold 3N media

5.1

1.0

1.3

Espoma

1.7

1.0

1.0

Vigoro

1.2

1.0

0.5

Miracle Gro

4.0

1.0

2.7

Maxi Grow

2.0

1.0

2.8

Neptune's Harvest

0.7

1.0

0.3

All samples from the outdoor site were collected and transported to preserve sample integrity. All
probe parameters were collected in-situ at the time of harvest. For harvested jars, solid lids replaced the
membrane lid for transport. For prototypes, reactor contents were poured into a transport vessel with a
closed lid. Samples were then transported back to the lab and processed immediately for dry weights;
biomass was scraped off the inside of the reactors and resuspended for homogenous samples for dry
weight analysis. Soluble filtrate was tested immediately for ammonia and stored up to one week in
refrigerated conditions before total nitrogen, total phosphorus, nitrate, and COD testing. Before filtration
and after homogenization, samples were taken and fixed with 37% formalin for subsequent microscope
imaging within three days of harvesting.
The experiment trials run for a total of 14 days. The jars (TRL 2, 80 mL volume) are used as
surrogates for biomass samples. Every other day, a jar will be removed for analysis. For the first testing
trial, prototypes were only assessed at the start and end of the experiment; for the next trial, more
prototypes were fabricated therefore prototype data was collected day 4, 10, and 14. Controls of
suspended cultures with no membrane are harvested at the same frequency as the membrane jars, for
comparison.
Background media is dosed with 0.5 g L-1 Miracle Grow fertilizer; these resulting concentrations
for the background are higher than would be expected in municipal wastewater. The reason for this higher

98

concentration is due to the limited overall volume (reactor + background tank), and so total mass of
nutrients; in an attempt to support longer algal growth trials, nutrient concentrations were inflated. Two
different background tanks were required for the second lab trial to accommodate prototypes due to space
limitations. Probe background monitoring occurred in the tank with the prototype containing probes (also
containing one other prototype); the other tank contained the jars and one prototype and was not
continuously monitored (see Figure 6.7 for layout). Detailed methods for testing procedures can be found
in Chapter 2 of this dissertation.

Figure 6.7: Lab setting layout
6.3.3

Results and Discussion
The site conditions for lab testing are summarized in Table 6.5. The first lab experiment (10/9/17

start date) did not produce sufficient quality data due to the experimental set-up. No mixing was occurring
in the background tank, resulting in stagnant water which led to poor dissolved oxygen readings and
reduced mass transfer through the ICARUS membranes. In all subsequent set-ups, a submersible pump
was used to recirculate water within the background water.
Final yields and specific growth rates are summarized in Table 6.6. Specific growth rates are
calculated over one day and then averaged over the time period specified. For Chlorella sp. A specific
daily growth rate of 0.25 day-1 or greater is selected as a cutoff for exponential growth classification (He
et al., 2013; J. Ruiz et al., 2011; Zhu et al., 2013). In general, ICARUS reactors achieve exponential
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growth during the first five days of culturing, with a significant subsequent decline in growth rate. This
decline is likely due to the reduction of mass transfer of nutrients, gases, and inhibitory compounds
through the membrane (Suh & Lee, 2003). Uduman suggests a target of 0.02-0.06% solids for harvest fi
subsequent dewatering for biomass processing for end-use products (Uduman et al., 2010); all trials
achieved this target except for the outdoor suspended control.
Table 6.5: Experimental site conditions summary from lab testing
Solar
Radiation
(W/m2)
Lab
10/9/17

Lab*
11/6/17

PAR
(uE)

Tair
(°C)
25.73
(1.08)
27.52

Average
(Std Dev)
Max

11.53 (8.38)
41.9

69.2
(50.16)
146.2

Min

0.6

1.2

Average
(Std Dev)
Max
Min

10.77 (8.74)

69.37
(55.88)
158.7
1.2

28.1
0.6

Background Tank
Twater
(°C)
25.01 (1.08)
27.52

7.76
(0.67)
9.99

DO
(mg/L)
6.08
(2.45)
21.17

22.86

20.57

4.76

0.2

22.6
(1.2)
25.96
19.81

22.8 (1.8)

7.36
(0.74)
9.44
3.8

7.24
(0.72)
10.23
3.54

27.91
19.04

pH

* Note: data from this trial is presented in subsequent results and discussion
The lab setting provided low variability among parameters tested. The ICARUS reactors tested,
both jars and prototype, outperformed the suspended control when comparing both culture density (jar,
0.328 g L-1; prototype, 0.307 g L-1; control, 0.208 g L-1) and day 0-5 specific growth rates (calculated
based on OD taken at 680nm) (jar, 0.367 day-1; prototype, 0.476 day-1; control, 0.342 day-1). Though these
culture concentrations are below the typically-reported culture density of 4 g L-1 for photobioreactors,
they are all above the typical value reported for raceway cultures of 0.14 g L -1 (Chisti, 2007). Figure 6.8A
shows the growth curves based on OD for each reactor over the 14-day trial. The pH of the cultures
increased slightly following growth (Figure 6.8B), but the dissolved oxygen concentration remained
relatively stagnant throughout the experiment (Figure 6.8C), including the background tank where algal
proliferation was observed after day 5. When analyzing chlorophyll ratios as a signifier of cell health
(Griffiths, Garcin, van Hille, & Harrison, 2011), the jars appear to have significant enhancement during
days 2-4 ( Figure 6.8D), usually the timeframe corresponding to peak exponential growth; however,
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growth curves do not seem to mimic this same trend. Prototype samples were not collected as frequently
as jars due to the lack of prototypes available for testing at this time. Subsequent trials were run for longer
and with more prototypes for better understanding of prototype production.
Table 6.6: Summary of harvested culture results grown with synthetic media in the lab
Specific
Growth
Rates (day-1)

Final Yield

Lab

Harvest
Day
Prototype
Jar
Suspended
Control

14

DW
(mg L-1)
306.7
327.5
207.5

Mass Areal
(g)
Density
(g m-2)
380.3
15.88
23.3
6.07
16.2
1.94

Solids
(%)
0.031
0.033
0.021

Areal
Productivity
(g m-2 d-1)
1.1
0.4
0.3

0-5

5-14

0.476
0.367
0.342

0.056
0.117
0.077

With regard to nutrient diffusion into the ICARUS reactors, those measured diffused efficiently
over time to desirable concentrations into both the jars and prototypes. Figure 6.9A shows the
concentrations inside the ICARUS reactors over time with respect to the concentration in the background
tank. Figure 6.9B shows the same plot but for total phosphorus concentrations. Both plots demonstrate
that nitrogen and phosphorus diffused into the ICARUS reactor to reach equilibrium with the background
tank. Due to the relatively small volume of the background tank, diffusion of the DI water originally
inoculated inside the reactors into the background resulted in observable decrease in background
concentrations, essentially via dilution within the first two days of testing. Subsequent concentration
decreases can likely be attributed to uptake can conversion to algal biomass.
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Figure 6.8: Growth curves (A), pH (B), dissolved oxygen (C), chlorophyll ratio (D), areal biomass (E),
areal productivity (F) comparisons in the lab setting with synthetic media
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6.4

Outdoor (Tank) Prototype Evaluation

6.4.1

Introduction and Objectives
Successful preliminary testing in a controlled lab setting, confirmed the effectiveness of the new

ICARUS prototype to culture algae, as intended. Using a simulated wastewater stream as growth medium,
algae cultures our performed suspended algae control reactors. Moving forward with the ICARUS
prototype technology demonstration, the reactor must now be tested in an outdoor environment, as it is
intentionally designed for. The outdoor environment is less controlled and so, testing complexity will
increase.
6.4.2

Materials and Methods
Prototypes were further tested in an outdoor tank in Tampa, FL at the USF campus. The two

experiment trials ran for a total of 21 days. For both testing trials, 10 sacrificial prototypes were harvested
every other day. On the same bi-daily frequency, a jar was removed for analysis. The tank was filled to an
8” depth with a total volume of 755 L (Figure 6.10). Controls at this larger scale were tested for continued
comparison; four prototype-scale controls were also tested for comparison: two- no membrane with lids,
and two- no membrane without lids, as seen in Figure. The prototype controls were harvested midway and
at the end of testing.
Background media was prepared as 0.25 g L-1 Miracle Grow fertilizer; these resulting
concentrations for the background water is meant to approximately simulate nutrient concentrations
expected in municipal wastewater (Metcalf & Eddy, 2003). Table 6.7 compares the experimental set-up
for both the lab and outdoor tank trials.
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Figure 6.9: Total nitrogen (A), total phosphorus (B), and COD (C) concentrations (lab)
Table 6.7: Summary of experimental set-ups with simulated wastewater growth media
Indoor
Outdoor
#1
#2
1/10/17
2/7/17
Length (days)
14
9*
21
# of Prototypes
1
3
10
# of Jars
7
9
Reactor Controls
7 jars
9 jars, 4 prototypes
Background Media
0.5 g/L miracle grow
0.25 g/L miracle grow
Background Volume
10 L
755 L
*This trial was ended early due to freezing nightly temperatures, and
subsequent culture death
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Figure 6.10: Outdoor tank trial layout, Jan 2018
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Figure 6.11: Outdoor tank trial layout, Feb 2018 and probe layout
6.4.3

Results and Discussion
A total of four experimental trials were conducted at two different test sites to assess the new

ICARUS prototype with synthetic media. The site conditions for outdoor testing are summarized in Table
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6.8. There were additional issues with the 1/10/18 field trial resulting in insufficient data quality. Ambient
air temperatures dropped below freezing for multiple days in a row, resulting in mass culture death. The
2/7/18 field test was an identical re-run, with better-suited ambient temperatures; however, the air
temperature probe represents inflated temperatures due to probe placement on a surface, rather than
mounted in air, as was done in previous and subsequent testing.
Table 6.8: Experimental site conditions summary from outdoor testing
Solar
Radiation
(W/m2)

PAR
(uE)

Tair
(°C)

Background Tank
Twater
(°C)
13.96 (7.67)

Average
136 (235)
261.6
13.25
(Std Dev)
(427)
(7.67)
Max
869.4
1391.2
32.76
24.01
Min
0.6
1.2
-2.44
2.46
Average
167.5
339.1
24.63
24.6 (5.84)
Outdoor*
(Std Dev)
(262.43)
(492.92)
(7.07)
2/7/18
Max
1011.9
1798.7
49.56
44.89
Min
0.6
1.2
11.38
14.47
* Note: data from this trial is presented in subsequent results and discussion
Outdoor
1/10/18

pH
8.20
(0.23)
9.6
7.41
9.17
(0.71)
10.36
6.87

DO
(mg/L)
7.86
(1.21)
9.67
4.22
7.75
(3.31)
17.32
2.68

The ICARUS reactors tested, both jars and prototype, outperformed the suspended control when
comparing both culture density (jar, 0.682 g L-1; prototype, 0.320 g L-1; control, 0.108 g L-1) and day 0-5
specific growth rates (calculated based on OD taken at 680nm) (jar, 0.343 day -1; prototype, 0.230 day-1;
control, 0.207 day-1). Similar to lab cultures, these culture concentrations are below the typically-reported
culture density of 4 g L-1 for photobioreactors, the ICARUS reactors are above the typical value reported
for raceway cultures of 0.14 g L-1 (Chisti, 2007).
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Table 6.9: Summary of harvested culture results grown with synthetic media outdoors
Final Yield

Outdoor

Harvest
Day
Prototype
Jar
Suspended
Control

21

Specific Growth Rates (day-1)

DW
(mg L-1)

Mass
(g)

Areal
Density
(g m-2)

Solids
(%)

Areal
Productivity
(g m-2 d-1)

0-5

5-14

14-21

320.0
682.5
107.5

704.0
36.9
8.2

29.39
9.62
2.13

0.032
0.068
0.011

1.4
0.5
0.1

0.230
0.343
0.207

0.104
0.104
-0.073

-0.045
-0.070
-0.127
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Figure 6.13A shows the growth curves based on OD for each reactor over the 14-day trial. Higher
biomass densities in the jars compared to the prototypes can be attributed to more volume loss observed
in the jars. The areal biomass on a membrane area basis was two times higher in the outdoor settings
(Figure 6.8E) likely due to light intensity in the outdoor environment and also the surface areal to volume
ration. Figure 6.1 shows the first 14 days of dry weight samples from the outdoor tank cultures; this visual
representation of growth shows, in particular, ICARUS prototypes and jars demonstrate significant
increases in culture pigment and density over time.

Figure 6.12: Outdoor trial (2/7/18) dry weight filters Day 0-14. (Top to bottom) Left to right: background,
prototype X2, jar X2, controls X4
The pH of the cultures and background started slightly higher in this trial and continued to increase
slightly following growth (Figure 6.13B). Algae prefer pH 7-9 (Andersen, 2005) and so growth
conditions were not ideal for this trial, but cultures still grew. The dissolved oxygen concentration
increased steadily throughout the experiment within the ICARUS reactors (Figure 6.13C); a significant
jump in the background corresponded to algae proliferation in the background water on Day 9 (Figure
6.14). When analyzing chlorophyll ratios, culture health appears to improve after Day 9, which
corresponds to continued growth and dissolved oxygen increases (Figure 6.13D). This slightly increasing
chlorophyll ratio trend shifts to a decline after dissolved oxygen concentrations peak at 24 and 21 mg L-1
in the jar and prototype, respectively.
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With regard to nutrient diffusion in the outdoor tank setting, it is important to note that the
background tank in this trial was inoculated to half of the concentration as compared to the lab
background tank. This lower concentration was aimed to better simulate concentrations found in
municipal wastewater, but consequently also provides a smaller driving force to initiate passive diffusion.
The total nitrogen diffused well Figure 6.15A, similarly to the lab setting. Around days 3-7, the
background tank concentration of total nitrogen begins to decrease, implying diffusion into the
prototypes. However, equilibrium between the background tank and prototype concentrations is not met
likely due to nitrogen algal growth and total nitrogen conversion into algal biomass reducing the soluble
concentrations within the prototypes. After day 7, total nitrogen concentrations seem to reach equilibrium,
likely due to culture growth rate declines due to inhibitory compound build up within the reactors or
nutrient-limited conditions within the reactors due to reduced diffusion caused by membrane fouling.
Compared to total nitrogen, the total phosphorus diffused very poorly (Figure 6.15B). With a
corresponding high pH in the background water, it is possible that some phosphorus precipitated out of
solution once pH was above 9 (Ma et al., 2014), though this was not visually observed. The rapid decline
of phosphorus concentrations in the background is unlikely to be caused by algal uptake (outdoor biomass
phosphorus 52.3 mg), but another cause cannot currently be confirmed. The mass of phosphorus that was
removed from the soluble background concentration between Day 0-9 was 30 g. The corresponding mass
theoretically converted to algal biomass between all harvested ICARUS algae and soluble reactor
contents was 82 mg.
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Figure 6.13: Growth curves (A), pH (B), dissolved oxygen (C), and chlorophyll ratio (D), areal biomass
(E), and areal productivity (F) comparisons in outdoor tanks with synthetic media
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Figure 6.14: Outdoor trial with algae proliferation in background tank (Day 9)
Though lab reactors grew faster than those in the outdoor tank, the higher dissolved oxygen, pH,
and COD in the outdoor reactors are signs of culture growth. Without carbon delivery system, cultures
could have become carbon-limited (Park et al., 2011). Though carbon dioxide was not measured within
the reactors or background tanks, this limitation could have resulted in lower photosynthetic growth even
with fluctuating organic carbon concentrations observed within the reactors. The phosphorus limitation in
the outdoor tanks was much more severe, but carbon-limited conditions could have resulted in culture
decline in the lab.
Although low nutrients were observed inside the reactors, the available nutrients still resulted in
algal growth. It is possible that nutrients were used by the algal cells right at the membrane surface, and
not allowed to homogenize within the reactor contents. This idea is also supported by the fact that the
non-motile microalga tested settles at the membrane surface quickly without any mixing or agitation. This
observation was similarly suggested when testing ICARUS prototypes in an aquaculture setting (Shyu,
2018).
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Figure 6.15: Total nitrogen (A), total phosphorus (B) concentrations, (C) COD (outdoor tank)
The outdoor setting provided the poorest production rates among environments tested. It is
important to note that though the final yields are higher than those observed in the lab setting, this outdoor
trial was run for an additional seven days of testing with roughly 10x increase in average light intensity
and 30% increase in PAR; with such enhanced light, cultures would be expected to perform better. It is
likely that nutrient limitations caused the lower growth.
6.5

Membrane Analysis

6.5.1

Introduction and Objectives
Membrane performance is greatly influenced by fouling at the membrane surface and within

membrane pores (Sun, 2013). In order to assess whether membrane mass transfer is affected by fouling,
foulants were further investigated. Two tools were used for analysis: SEM and FTIR. It is hypothesized
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that: 1) both chemical and biological foulants adhere to the membrane, 2) Less fouling occurs in
prototypes with the slanted (i.e., rather than flat, as with the jars) orientation of membranes.
When analyzing images of fouled ICARUS membranes, it is important to note a few experimental
factors. All algae-side membranes were scraped for biomass quantification at the time of reactor
harvesting and subsequent membrane sampling. Membranes from synthetic media trials were oriented
with the active side of the membrane towards the algae culture; the backing side was facing out towards
the background media. Table summarizes membrane samples analyzed.
Table 6.10: PVDF membrane samples analyzed
Location
Reactor Type
WWTP
Outdoor Tank
Lab Tank
N/A
6.5.2

Jar (80 mL)
Jar
Prototype (2.5 L)
Jar
Prototype
N/A

Time (Days)
7
1, 3, 7, 14, 19, 21
1, 3, 7, 14, 19, 21
1, 3, 7, 14, 19, 21
14
N/A

PVDF Pore
Size

Date
Collected

50 kDa
800 kDa
800 kDa
800 kDa
800 kDa
Virgin 800 kDa

11/8/16
2/8-23/18
2/8-23/18
10/9-23/17
10/9-23/17

Scanning Electron Microscopy (SEM)
Employing the use of scanning electron microscopy (SEM), a high-resolution visualization of the

ICARUS membrane surface can be obtained. This technique was used to analyze various membrane
samples collected over varying time periods via sacrificial samples. This goal of using this tool is to
achieve more detailed imaging of cells observed to be settling on the membrane surface during CLSM
imaging, both inside and outside of the bioreactor. These imaging results will also provide a better
analysis of homogeneity of ICARUS membrane fouling, both biological and not.
Images of the virgin membrane show uniform pores (~appropriate pore size, 800kDa PVDF).
Membranes were received from the manufacturer with a proprietary biocidal coating that was
subsequently rinsed of with deionized water before any experimental testing; crystals from this coating
can be observed in Figure 6.16A. Images taken of the back side of the membrane show the polypropylene
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woven backing material (Figure 6.16B). This backing material is attached for membrane support and is
thick enough to show no signs of membrane material through the backing.

A

B

Figure 6.16: Virgin 800kDa PVDF (A) active-side membrane and (B) backing
In general, when comparing fouled membranes to virgin on SEM, no pores are visible after the
minimum imaged time frame of 7 days. A cake layer, whether biological or chemical has visibly formed
on both sides of most of the membranes.
When analyzing images of the algae-side membrane foulants, the cake layer is fairly consistent
through all trials and images taken. This cake appears thick enough to have cracked during the membrane
storage process due to desiccation before imaging; these cracks appear jagged and not smooth, signifying
that the tearing occurred after or during the drying process (Figgure 6.17A). Other notable features of the
algae-side cake include channels; these apparent holes in the cake formation these channels have smooth,
uniform edges, signifying that they were created while the cake was still wet (Figure 6.17B). It is likely
that these channels were formed to transport water, nutrients, or gases through the membrane, but it is not
possible to conclude that from SEM imaging; however algal growth was observed to grow for up to 20
days after settling, signifying a need for channeling for nutrients delivery to support metabolic functions
of the settled cells.
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A

B

Figure 6.17: Algae active-side, lab trial, 50kDa PVDF membrane foulants with (A) cracking, algal-sized
cells and (B) channels
6.5.3

Fourier Transform Infrared Radiation (FTIR) Spectroscopy
FTIR was used to further analyze ICARUS membrane fouling in an attempt to identify the chemical

signature of accumulating foulants. Sample spectra from two different experimental setups with synthetic
media (lab and outdoor tank) are herein displayed. Time series samples were analyzed from sacrificial
reactor harvesting. A spectrum of each membrane sample was obtained in three different locations on the
membrane from the front and back side. The membrane backing material for the 800 kDa lab and outdoor
settings was composed of polypropylene. For consistency, all “active-side” spectra are displayed together;
this means for lab and outdoor tank samples the foulants occurred within the ICARUS reactor. The
opposite is true for “backing-side” spectra.
An overview of observed absorption bands of the foulants and corresponding assignments are
presented in Table 6.11. There were three peaks that consistently appeared in the majority of samples at
~1650 cm-1, 1545 cm-1, and the region between 1030–1050 cm-1 (Figure 6.18 & Figure 6.19). Time series
spectra show the presence of these peaks visible as early as day 1-3 (Figure 6.17 & Figure 6.18).
Most of the fouling observed in this analysis was represented by three commonly observed peaks.
The peak at 1030 cm-1 occurred in the range of C-O stretch, often representing the presence of
carbohydrates. Howe et. al. (2002), suggested that a similar peak could be due to either polysaccharides or
silicates (Howe et al., 2002). The broad O-H stretch of the hydroxyl group at ~3000 cm-1 present in these
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spectra (Figure 6.20 & Figure 6.21), seemingly confirmed that the 1030cm-1 peak is more likely due to
polysaccharides, or EPS. EPS is dominated in chemical composition by proteins and carbohydrates (Guo
et al., 2012; Meng et al., 2008).
Table 6.11: Observed peaks and possible respective foulants
Observed
Wavenumber
Bond Type
Compound
-1
Band (cm )
Range
1650
N-H, Amide I
1538-1709
Protein
1545
N-H, Amide II
1481-1585

1030-1050

C-O-C

3000

O-H stretch

3400

N-H, Amide A

980-1072

3000-3300

Carbohydrate,
likely
polysaccharide.
(silicate, P-O)
Hydroxyl group

3400

Protein

Reference
(Craver, 1982; Howe et al.,
2002; Lasch, Haensch,
Lewis, Kidder, &
Naumann, 2002; Mayo,
Miller, & Hannah, 2004;
Meng et al., 2008;
Silverstein, Bassler, &
Morrill, 1991)
(Howe et al., 2002; Meng et
al., 2008)
(Craver, 1982; Howe et al.,
2002; Lasch & Naumann,
2015; Silverstein et al.,
1991)
(Craver, 1982; Silverstein et
al., 1991)

The two peaks observed at 1650 cm-1 and 1545 cm-1 are commonly defined as Amide I and II bands
(Craver, 1982; Guo et al., 2012; Howe et al., 2002; Lasch et al., 2002; Mayo et al., 2004; Meng et al.,
2008; Silverstein et al., 1991) and are indicative of protein biofouling on the membrane surface. This
finding was confirmed with a reference spectrum of an albumin solution deposited and dried onto the
same PVDF membrane.
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Figure 6.18: Outdoor prototype time series spectra. (From bottom: virgin PVDF, Day 1, Day 3, Day 7,
Day 14, Day 19, Day 21). A-active side, B-backing side of membrane
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Figure 6.19: Jar time series spectra. (From bottom: virgin PVDF, outdoor Day 3, Day 14, Day 21; WWTP
Day 7). A-active side, B-backing side of membrane
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Figure 6.20: Worst case difference spectra. (Bottom to top: (B) outdoor prototype Day 21 backing, active;
(A) WWTP jars Day 7 backing, active)
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Figure 6.21: Worst case difference spectra. (Bottom to top: (B) lab prototype Day 14 backing, active; (A)
outdoor jars Day 21 backing, active)
When analyzing these FTIR spectra, there are some aspects to keep in mind. ATR-FTIR
spectrometry is not a quantitative tool in that band intensities do not represent an amount of foulant since
the pathlength of IR light is not accurately known. However, in this case, as fouling increases, less IR
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light reaches the surface of the underlying membrane and thus vibrational bands of the virgin membrane
(i.e., no foulant) may become muted because the signal has weakened due to the foulants covering the
clean membrane surface (Howe et al., 2002). From that, it can be concluded that membrane samples
allowed to accumulate foulant for longer periods of time will result in less observable virgin membrane
signature peaks, and this enables inference as to the relative degree of fouling at the surface. When
analyzing spectra from heterogeneous foulants, it is often difficult to identify specific compounds due to
the nature of the analysis and multiple chemical foulants interacting with each other, resulting in shifted
or non-distinct peaks. That is, one specific chemical foulant on a membrane surface results in a welldefined, specific spectrum; when that same chemical interacts with one or more other foulants, the with
resulting spectra being a combination of the spectra.
Additionally, for this analysis, each representative membrane sample (~1 cm in size) was cut from
the full reactor membrane area (i.e., jar: 38.3 cm2; prototype: 239.5 cm2) and scanned in three different
spots resulting in triplicate spectra for each sample (or quadruplicate in cases where high variability was
observed between initial three replicates). Variability among replicate spectra is inherent in this process,
and nonhomogeneous membrane fouling yields results limited by the amount of membrane area that was
analyzed. It is also important to note again that time series spectra from the same experiment come from
different, sacrificial reactors (i.e., all sacrificial reactors were inoculated at the same time, but removed
from the system and harvested at the respective time points). Though experimental conditions were the
same for all time series samples, some variability was observed that did not always result in predictable
trends (e.g., in Figure 6.22 it appeared that Day 3 samples were more fouled than Day 14 samples).
6.6

Conclusion
In summary, preliminary TRL 5 testing to the newly designed the ICARUS prototype out performs

the previous reactor design iteration, the glass jar. The higher membrane surface area to reactor volume
ratio yields better growth, likely due to more mass transfer with larger diffusion area for nutrients. Total
phosphorus diffusion challenges were observed in the outdoor setting likely due to lower background
concentrations generating a weaker driving force for passive diffusion, and not necessarily due to reactor
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design. The overall larger volume naturally yields much higher total biomass, signifying a successful
scale-up. The jar still has a better water-tight seal, as observed with more volume loss. In both settings,
membrane fouling was quickly observed. Future work needs to incorporate design of a better water-tight
seal, should investigate techniques to minimize fouling, and should be tested in more relevant
environments.
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Figure 6.22: Lab time series spectra. (From to bottom: virgin PVDF, outdoor Day 3, Day 14, Day 21;
WWTP Day 7). A-active side, B-backing side of membrane)
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CHAPTER 7: TOWARDS TRL 6: PROTOTYPE ASSESSMENT IN AN OPERATIONAL
ENVIRONMENT

7.1

Introduction
The ability to cultivate algae in wastewater is a major factor for a full-scale technology’s economic

success. However, such a cultivation medium yields far less control. However, literature and previous
ICARUS testing suggests that municipal wastewater has sufficient water quality to support algal growth.
Further testing is needed in natural, outdoor conditions with remote deployment and testing operations.
The continuously flowing water at a WWTP setting provides consistent nominal water chemistry, but
there is always potential for unexpected and uncontrolled variability. With success in the lab and an
outdoor tank setting, ICARUS prototype deployment at the WWTP setting is needed to assess continued
technology robustness and applicability.
7.1.1

Requirements for TRL 6
Major technology advancements were made in achieving a TRL 5 rating. A multi-component,

functional prototype was fabricated and then extensively tested under simulated relevant conditions.
Observations and results from this testing imply a successful scale-up and enhanced performance. In
order to further progress the technology to a TRL 6, continued testing is needed, this time in a nonsimulated relevant environment. For the ICARUS technology, relevant environments can vary among any
outdoor water body that has suitable water quality for algal growth, but the wastewater treatment plant is
one of particular importance a relevance. Additionally, system application should be tested which would
imply full-scale operations are carried out. These operations can be scaled-down, but should be tested in
some form. In order to achieve a TRL 6 rating, the technology performance should be successful with this
testing.
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7.2

Operational Environment (WWTP) Prototype Evaluation

7.2.1

Introduction and Objectives
The purpose of this experimentation is to assess the functionality of the recently updated ICARUS

prototype design in a relevant, operational environment in an attempt to achieve a TRL 6 rating. Algal
growth is assessed by monitoring biomass accumulation over time. Membrane mass transfer is assessed
via: dissolved oxygen accumulation within reactors, pH changes (i.e., carbon dioxide uptake by algae
tends to result in pH increases), conductivity, and various nutrient concentrations inside and outside the
reactor (e.g., total nitrogen, total phosphorus, ammonia, nitrate, and COD). Detailed methods for these
testing procedures can be found in Chapter 2 of this dissertation; testing methods and experimental set-up
are the same as those used in Chapter 6 for comparison.
7.2.2

Materials and Methods
Prototypes are further tested in post-BOD removal clarifiers at the City of Tampa’s Howard F.

Curren Advanced Wastewater Treatment Plant (AWTP) located in Tampa, FL. This site was selected to
compare with results found in previous studies; the water quality found in this clarifier is particularly
advantageous for algal cultivation due to carbon dioxide-enriched waters, and ammonia-dominant
nitrogen species preferred by Chlorella sp. (Drexler, 2014). Reactor support racks were designed and
built to mount onto existing clarifier weirs to allow reactors to be partially submerged in the continuously
flowing wastewater, without sinking to the bottom of the 30’ deep tank. Figure 7.1. shows the
experimental layout. The experiment trial ran for a total of 28 days. The starting number of reactors and
reactor sampling was the same as with the ENR testing, but extended for one week longer, so the resulting
data was less frequent. Table 7.1 summarizes the experimental trial.
7.2.3

Results and Discussion
The site conditions from this trial are summarized in Table 7.2. Background water at the WWTP

was continuously flowing upwards through the clarifier into the bottom of the ICARUS reactors at an
average rate of 0.1 m sec-1 (Drexler, 2014). The dissolved oxygen in the WW remained very low due to
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the location of the clarifier, post-BOD removal rector where oxygen is dosed to meet the metabolic needs
for heterotrophic bacteria to break down the organic carbon in the influent raw wastewater.

A

B
Figure 7.1: WWTP trial layout, May/June 2018
Table 7.1: Summary of experimental set-up
WWTP
Length (days)
28
# of Prototypes
11
# of Jars
9
Reactor Controls
9 Jars, 4 prototypes
Background Media
Post-BOD clarifier
Background Volume
Infinite*
*Continuous flow from 60 MGD plant
Final yields and specific growth rates are summarized in Table 7.3. Specific growth rates are
calculated over one day and then averaged over the time period specified. Again, the specific daily growth
rate of 0.25 day-1 was selected as a cutoff for exponential growth. ICARUS reactors in WW follow the
same trends observed with synthetic media where exponential growth was observed during the first five
days of culturing followed by decline in growth rates due to mass transfer limitations. WWTP cultures
achieve nearly a 6x higher density and 10x higher percent solids. Both the jars and prototypes achieve
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comparable performance in the lab and outdoor setting, but enhanced performance is documented when
grown in the wastewater. This enhancement is much more exaggerated in the prototypes likely due to the
larger membrane surface area allowing for greater influence of WW water quality characteristics
beneficial for algal growth.
Table 7.2: Experimental site conditions summary

WWTP
5/23/18

Average
(Std Dev)
Max
Min

Solar
Radiation
(W m-2)
239.8
(328.6)
1178.1
0.6

PAR
(uE)

Tair
(°C)

541.8
(691.1)
2213.7
1.2

28.4
(3.54)
40.6
21.7

Background Tank
Twater
(°C)
28.8 (0.6)
38.77
27.91

pH
7.80
(0.2)
8.27
4.58

DO
(mg L-1)
0.26 (0.57)
5.3
-0.05

Much higher growth was achieved in the WWTP setting compared to the lab and outdoor tank, as
also observed in previous studies (Drexler, 2014). The pH of ICARUS reactors (Figure 7.2B) increased
following growth trends along with DO accumulation (Figure 7.2C) even with very low DO in the
background water. Ojanen suggests that DO concentrations 125% of saturation for one minute can cause
inhibition (Ojanen et al., 2014); the concentrations in both jars and prototypes were much higher than
saturation in all trials but the lab. Though carbon dioxide concentrations were not measured in this testing,
in previous studies, carbon dioxide levels were measured to be on average 87 mg L-1 (Drexler, 2014). It
can be assumed that carbon dioxide consumption follows an inverse trend to DO accumulation; this
removal of carbon dioxide would result in the pH increase, as observed. Although in other trials pH did
not increase as rapidly or high, it is probable that the much faster growth during the exponential phase in
the ICARUS reactors outpaced the mass transfer of oxygen and carbon dioxide through the membrane.
This mass transfer rate would also be negatively impacted by fouling due to the algal cells accumulating
at the membrane surface. The much higher membrane surface area to volume ratio in the ICARUS jars
explains the relatively lower pH as compared to the prototypes; in future prototype design, it may be
advantageous to explore larger membrane surface areas. The chlorophyll ratios (CR) of the two ICARUS
reactors also confirms the relatively better conditions experienced by the ICARUS jars with higher CR
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and less stress due to pH and DO induced inhibition (Figure 7.2D). The large spike in CR coincides with
maximum DO concentrations. Overall, it seems after the first week of culturing, algae might be able to be
harvested in an attempt to keep growth rates enhanced, or closer to what is observed in first few days, to
avoid inhibition-induced growth decline.
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Table 7.3: Summary of harvested culture results
Specific Growth Rates (day-1)

DW
(mg L-1)

Mass
(g)

Lab

Prototype
Jar
Control

14

306.7
327.5
207.5

380.3
23.3
16.2

Prototype
Jar
Control

21

320.0
682.5
107.5

704.0
36.9
8.2

WW

Harvest
Day

Outdoor

Final Yield
Areal
Areal
Solids
Density
Productivity
(%)
(g m-2)
(g m-2 d-1)
15.88
0.031
1.1
6.07
0.033
0.4
1.94
0.021
0.3
29.39
9.62
2.13

0.032
0.068
0.011

1.4
0.5
0.1

0-5

5-14

0.476
0.367
0.342

0.056
0.117
0.077

0.230
0.343
0.207

0.104
0.104
-0.073

14-21

21-28

-0.045
-0.070
-0.127

Prototype
1833.3
7333.3 306.17 0.184
10.9
0.521 0.129 -0.181 -0.009
Jar*
28
3300.0
135
35.28
0.330
2.4
0.631 0.171 -0.090 -0.178
Control
950.0
74.1
19.34
0.095
0.7
0.175 0.028
0.023
0.019
*Jars in the WWTP setting completely dewatered as of Day 15, dry weights were collected by resuspended algae in
DI water. Final yield values reported for the Jar are from Day 15, prior to dewatering.
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Figure 7.2: Growth curves (A), pH (B), DO (C), chlorophyll ratio (D), areal density (E), and areal
productivity (F) in WWTP setting
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Figure 7.3: Harvested prototype from WWTP outside (left) and inside (right)
Additionally, visible contamination from larger water bugs (Figure 7.4B) was observed in many of
the later prototypes in the wastewater (Table 7.4). The contaminated prototypes showed slightly higher
volumes than those where the same contamination was not observed, likely signifying that the prototypes
began to dewater (as has been repeatedly observed in the ICARUS jars), but leaking gasket seal allowed
for background wastewater, and the corresponding contaminants, to enter the prototypes. The
contaminated prototypes also had much lower optical density, with variable corresponding dry weight.
The lower OD at 680 nm could signify predation of algal cells by the contaminants. The significantly
higher volume harvested from the final prototype on Day 28, is representative of insufficient water-tight
gasket seal and the prototype oriented slightly tipped and below the water level due to being weighed
down by mounted probes (Figure 7.4A). To note, the same contamination was not observed in the jars
during this trial, or any other trials where jars were cultivated in the WWTP.
Table 7.4: Contamination effects in WWTP prototypes
Day 12
Day 15
Day 19

Day 22

Day 26

Day 28

X

X

X

Contamination

X

Volume (mL)

1540

720

600

1400

1600

4000

OD680

0.25

6.1

10.8

1.7

1.6

1.6
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B

A

Figure 7.4: Day 28 prototype (left) under water level (A) led to (B) contaminant water bugs found in
some WWTP prototypes (4x magnification)
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Figure 7.5: Total nitrogen (A), total phosphorus (B), COD (C) diffusion
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With regard to nutrient diffusion at the WWTP setting, some testing issues led to gaps in the
collected TP and COD data. Also, as the jars dewatered at Day 15, there is no nutrient data after that
point. Similar to the TP results observed in the field setting, TP diffusion was very limited in the
prototype until a large spike in the background WW (of unknown origin) at Day 19-22 caused subsequent
diffusion; at that point, the jars had already dewatered (Figure 7.5B).. This lack of diffusion into the
reactor may again signify phosphorus accumulation at the membrane surface effectively minimizing the
concentration gradient needed for passive diffusion to occur; the spike in the background would have
shifted the concentration gradient significantly, putting more pressure on phosphorus to diffuse into the
reactor to reach an equilibrium with the background water. However, it is also important to note that the
later day prototype harvests revealed contamination (likely through the gasket seal), which also would
result in higher phosphorus concentrations in the reactor. The nitrogen, as previously observed, diffuses
more readily into the reactors (Figure 7.5A). A total nitrogen low in both reactor types correlates with a
peak in COD accumulation in the reactor; this correlation signifies that nitrogen is being utilized by the
algal cells, subsequently releasing organic byproducts (e.g., EPS) contributing to COD inside the reactors
(Figure 7.5C).
Overall the ICARUS cultures grew best within the first five days of cultivation. A subsequent
steady decline in growth rates was observed. Without the ability to achieve long-term cultivation
productivity, the ICARUS technology will not be successful. Therefore peak cultivation should be
maintained via operational techniques. It is likely that growth rates decline due to diffusion limitations
through the ICARUS membranes. If membrane treatment or backwashing techniques are not able to
overcome the foulant accumulation, it is likely that ICARUS reactors will need to be harvested on a more
frequent basis. Mores testing must be done to attempt a five-day cultivation, harvest, membrane scraping
and subsequent regrowth using the same membrane. All ICARUS testing to date has been performed
using virgin membranes for consistency.
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7.3

Prototype Performance Assessment
The benefits of the ICARUS membrane on the technology overall include: versatile deployment,

various useable growth mediums, and crop protection. However, it has been observed that the membrane
performance can also hinder growth if it is not managed well. A decrease in mass transfer can occur with
fouling, resulting in nutrient-limited conditions, the accumulation of inhibitory compounds, and cause
unwanted dewatering. This dewatering has been observed, but needs to be analyzed more closely to
establish controlled operations to manage it.
7.3.1

Nutrient Diffusion and Conversion
Nutrient diffusion through the ICARUS membrane and subsequent conversion into algal biomass

was further assessed. The movement of nutrients (total nitrogen and phosphorus) for the lab and outdoor
trial can be seen in Figure 7.6. At the start of the experiments, most of the nutrient mass is in the soluble
form in the background water. This analysis is not possible for the WWTP trial due to the continuous
nature of the experimental setup, with the background water continuously flowing in and out of the
experimental system boundaries. Small mass of nutrients is contained in the solid form as inoculant algal
culture, and even less as soluble nutrients in the inoculant. (Theoretical mass of nitrogen and phosphorus
uptake was calculated based on mass of algae harvested and an assumed chemical formula for an algal
cell of C106O110H263N16P (Dalrymple et al., 2013)). Over time, the background nutrient mass is reduced as
nutrients diffuse into the reactors and a fraction of that gets converted into new algal biomass. Due to the
open background tanks, some nutrient mass also got converted to algal biomass in the background tanks;
this algal proliferation was greater in the outdoor background tank, as expected. Some unaccounted-for
changes were observed during lab tests: 14% gain in nitrogen and 18% loss of phosphorus. These changes
could have occurred with the volatilization of nitrogen or precipitation of phosphorus; these phase
changes are observed at raised pH (Ma et al., 2014). The unaccounted-for mass of nutrients was much
more significant in the outdoor trial. In particular, phosphorus did not diffuse through the membranes,
into the soluble reactor contents as expected; however algal growth was still observed. It is possible that
the phosphorus that did diffuse through the membrane was quickly used up by the algal culture at the
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membrane surface, and so did not accumulate in the soluble form within the reactors. Due to the elevated
pH observed in the background tank of the outdoor setup (average pH 9.17), it is likely that phosphorus
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Figure 7.6: Theoretical mass as biomass of nitrogen (A) and phosphorus (B) in the lab, and nitrogen (C)
and phosphorus (B) in the outdoor setting. Note: Reactor Bio(mass), Reactor Sol(uble nutrients),
Back(ground) Sol(uble nutrients), Back(ground) Bio(mass), and Total.
The diffusion of ammonia and nitrate support the observation that nitrogen species are diffusing
through the ICARUS membrane more readily than phosphorus. (Ammonia and nitrate were not measured
during lab trials). A similar study using membranes for the diffusion of nutrients found that though the
diffusion coefficients for nitrate and ammonia are similar, 1.902 and 1.957, respectively, ammonia did not
diffuse as well as nitrate; the study concluded that the difference must be due to membrane characteristics

132

influencing diffusion of the species differently (Ojanen et al., 2014). In the outdoor trial, ammonia and
nitrate diffused well and correlated strongly with the background concentrations. For the WWTP setting,
nitrate concentrations varied slightly over time, implying some diffusion; but with higher concentrations
of ammonia in the background water throughout the testing, ammonia concentrations remained much
lower until the last days in the contaminated prototypes.
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Figure 7.7: Nitrate and ammonia concentrations for the outdoor trial (A & B), and WWTP trial (C & D)
With the hindered phosphorus diffusion observed in more than one trial of ICARUS testing, a
deeper investigation of phosphorus diffusion and mass transfer was performed (Figure 7.8A-E). In the lab
setting, peak growth rates correlate to fast phosphorus diffusion into the reactor to reach equilibrium with
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the background concentration. In the outdoor trial, background phosphorus concentrations dropped
dramatically. Some diffusion into the jar led to comparatively high growth rate (versus in the lab and also
the prototype in the outdoor trial), but subsequent growth rates decline significantly and phosphorus
concentrations remained below 5 mg/L. These nutrient-limited conditions are not conducive to support
algal growth; however biomass-P accumulated over time, in particular in the prototypes with larger
volumes (Figure 7.8C- Theoretical P, mg-P as biomass). With a relatively low background concentration
in the WW, phosphorus concentrations inside the ICARUS reactors remained low, with a spike caused by
a spike in the background. With such low concentrations of phosphorus, nutrient-limited conditions
would be expected; however, the highest algal growth of all the trials was observed. This supports the
assumption that phosphorus is accumulating and being utilized quickly right at the membrane surface.
Table 7.5: Diffusion of phosphorus to reach equilibrium
Driving Force (dC, mg)
Prototype
Jar
Lab
53.7
60.3
Outdoor
26.5
26.0
WWTP
5.13
5.13
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Day to Eq.
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Figure 7.8: Phosphorus movement and growth rates for lab prototype (A), jar (B), outdoor prototype (C),
jar (D), WWTP prototype (E), and jar (F)
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7.3.2 Membrane Foulant Analysis in WW
7.3.2.1 Fourier Transform Infrared Radiation (FTIR) Spectroscopy
An overview of observed absorption bands of the foulants specific to WWTP-fouled membranes
and corresponding assignments are presented in Table 7.6. The vibrational bands observed in the spectra
of membranes cultured in wastewater exhibit some additional biological foulants, in particular on the
backing of the membrane in contact with the reactor-contained algae crop (Figure 7.10). To note, for
consistency, all “active-side” spectra are displayed together. This means for lab and outdoor tank samples
the foulants occurred within the ICARUS reactor, but for wastewater samples, the foulants occurred
outside the ICARUS reactor; the opposite is true for “backing-side” spectra. The spectra from membranes
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submerged in the clarified effluent were the most diverse with significant peaks on the backing-side at
1715, 1248, 1104/1125, and 728 cm-1 that were not observed in other samples (Figure 7.10). These peaks
may result from the presence of significantly higher algal biomass densities observed under these
experimental conditions (1625 mg/L versus 682 and 320 mg/L in outdoor tank jars and prototype,
respectively) (Section 6.4). The 1715 cm-1 band occurs in the carbonyl (C=O) region. In conjunction with
the 1248 cm-1 band that was observed, this could represent a carboxylic acid; Max et. al. (2004)
concluded similar findings with bands at 1723 cm-1 and 1257 cm-1 (Max & Chapados, 2004). A different
conclusion was made by Lasch, et. al. (2002). With bands noted at 1715, 1238, and 1088 cm-1, they
concluded that DNA and RNA were the primary foulants (Lasch et al., 2002). Both foulants could be
present in wastewater and other source waters containing large amounts of microbiota. To further support
the claim that DNA is fouling the membrane, in particular on the wastewater side, the two bands at 1104
cm-1 and 1125 cm-1 have been concluded as his side chain nucleic acids (Barth, 2000). Bartošová et. al.
(2015) collected spectra for Chlorella sorokiniana very similar to the spectra suggesting deposits from
algal cells at the surface of the membrane are the primary source of membrane fouling. (Bartošová,
Blinová, & Gerulová, 2015). The series of membranes operated in wastewater had much higher algal
biomass productivity which may be have led to distinct DNA peaks in the foulant spectra compared to the
samples from lab and outdoor testing. Additional information from confocal microscopy indicated that
cells are dying (lysing) at the membrane surface, which could make the DNA from the ICARUS
membranes easier to detect. With greater cell densities, more dead cells will occur at the membrane
surface, potentially leaching DNA and other cell contents onto the membrane surface.
Some of the vibrational bands in the sample spectra were more difficult to identify. The band
occurring at 1248 cm-1 may be due to phosphate fouling at the membrane surface. Craver points to the
P=O stretch in the range of 1220–1250 cm-1 (Craver, 1982). This phosphorus could, again, be contributed
by the backbone structure of DNA and RNA. Another possible source of the P=O stretch band is
orthophosphates found in wastewater and the nutrient media broth used to culture the algae. Phosphorus
that diffuses through the ICARUS membrane was found to be a rate-limiting nutrient (Section 4.5). This
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is likely due to the larger molecular weight of the phosphate molecules compared to other nutrients tested
(e.g., nitrate, ammonia), and may concentrate at the membrane surface (further slowing down diffusion)
and accumulating as a foulant.
Table 7.6: Observed WWTP unique peaks and possible respective foulants
Observed
Wavenumber
Bond Type
Compound
-1
Band (cm )
Range
1120/1104
CO, ether
1100-1128
DNA (1715, his amino
(1128)
1238, 1088)
acid
(1104)
1715
C=O, ester
1715-1725
Carboxylic
acid
1248
C-O
1257
(1723,
1257)
P=O stretch
1191-1356
Phosphate, Nucleic Acid
(1220-1250)
Amide III
1230-1330
Protein
(1230-1330)
1100

S-O (~1100)

1100

Silicate

Reference
(Lasch et
al., 2002)

(Barth,
2000)
(Max &
Chapados,
2004)

(Craver, 1982)
(Craver, 1982;
Silverstein et al.,
1991)
(Craver, 1982; Howe
et al., 2002;
Silverstein et al.,
1991)

Another foulant with uncertainty is that of carbonate. Carbonate is a highly probable scalant due to
the very hard waters found in Florida associated with limestone formation. However, the signature peaks
of carbonate (Craver, 1982) were not observed in any samples. To further test for carbonate presence on
the membranes, a small amount of hydrochloric acid was placed on the membrane surface. Bubbling at
the surface was observed on all membrane samples tested from Day 1–21, from each of the testing
locations, which was indicative of the formation (CO 2 off-gas). SEM EDAX elemental analysis is a tool
that could help to further conclude these uncertain foulants.
7.3.2.2 Scanning Electron Microscopy (SEM)
The images of the algae-side foulants grown in the wastewater show some significant differences
compared to the other trials. At a lower magnification, there are no apparent signs of algal cells, but the
mesh backing material is coated and clogged cake (Figure 7.11A). At a higher magnification, a free-
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flowing formation in the cake seems to be present and formed while wet; algae-sized cells appear to be
present within this cake matrix (Figure 7.11B). This apparently flowing-formation of the matrix
contradicts the assumption that the algae culture within the reactors is stagnant and settling immediately
on the membrane. It is possible that this flow is being caused by the upwelling, perpendicular flow of the
incoming wastewater in the clarifiers where the reactors are deployed. Flowing material at the membrane
surface would help to induce diffusion through the membrane and minimize scalingg (if only slightly). If
there is more flow at the membrane surface than assumed, this could be partially the cause of enhanced
biomass growth observed in the wastewater cultured algae reactors.
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Figure 7.10: Outdoor, active (1) and backing (2) side difference spectra. (From bottom: (C) virgin PVDF,
outdoor jar Day 3, 14, 21; (B) outdoor prototype Day 1, 3, 7, 14, 21; (A) WWTP jar Day 7)
The wastewater side of the ICARUS membranes were also imaged using SEM. These images are of
the active side of the membrane that was in direct contact with the wastewater on the outside of the
ICARUS reactors. When harvested, these membranes were not scraped (as the algae sides were for
biomass harvest). Since grown in secondary wastewater, it was expected that these images would indicate
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more diversity in the foulants, but that was not observed. This lack of significant diversity could have
been due to the active-side membrane repulsion of biofilm development, in conjunction with the
comparatively much faster and perpendicular flowrate of the wastewater when coming into contact with
the membrane (i.e., biofilms could not form as easily because the flowing water was actively pushing
potentially/momentarily adhered cells off). It makes sense that there would be more cellular adherence to
the membrane surface on the inside of the reactors where flow is almost nonexistent, and cells are visibly
settling on to the membrane. In general, some new microorganisms were observed on the wastewater side
of the membranes, but not as many as originally expected (Figure 7.12A & B). When first pulled from the
clarifiers, reactors do not appear to have significant biofilm developed on the membrane surface (as
compared to the green layer on the algae-side), but a slime layer is observable This might signify more of
a need to orient the ICARUS membrane so that the active-side is facing the settling algae culture to
prevent the most mass transfer loss due to foulant formation.

A

B

Figure 7.11: Algae backing side from wastewater testing. 50 kDa PVDF membrane foulants (A) and (B)
with flowing matrix
7.3.3

Membrane Fouling Discussion and Effects on Reactor Performance
FTIR analysis found that foulants are predominantly biological in nature and confirmed that these

foulants occur quickly (i.e., within 2 days). However, with biomass data, ICARUS cultures still grow well
until they peak near Day 5; growth likely slows down due to mass transfer reduction. Fouling might be
reduced with less cells settling on membranes in the prototypes due to the slanted membrane orientation.
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Soluble nutrients, in particular nitrogen, are still transferring past five days of culture growth, but with
peak growth, pore clogging occurs and growth declines. From membrane foulant analysis with SEM of
WWTP samples, as will previous trials, foulants are occurring rapidly with deployment of the reactors
and culture growth. It does appear that there is more movement in the jars grown in wastewater with
tangential upflow of clarifier WW, but membrane pores still clogging quickly. Membrane fouling is a
very dynamic process and is influenced on a wide range of factors: water chemistry (pH, ionic strength),
membrane properties (surface morphology, charge, MW cutoff), concentration of constituents,
temperature, flux, and crossflow velocity (Guo et al., 2012). To this, it is difficult to manage fouling at a
continuous scale. The ICARUS technology requires further testing to ensure longer-term cultivation
success.

A

B

Figure 7.12: Wastewater foulants, active side of membrane (A & B)
7.3.4

Oxygen Production and Effects on Volume Loss (Dewatering)
Oxygen production is very important with respect to dewatering potential in future ICARUS

iterations. Though oxygen production can hinder algal productivity (Chisti, 2007; Ojanen et al., 2014;
Shelp & Canvin, 1980), biogas production can be beneficially optimized for enhanced dewatering
(discussed further in section 5.2.3.2) Based on the methods described by Drexler (Drexler, 2014),
photosynthetic oxygen production was quantified based on final algal biomass yield (Table 7.7). The
difference between measured DO and theoretical DO concentrations vary among site and reactor
configuration. Reasons for these differences include oxygen diffusion into the headspace, as a gas,
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diffusion of oxygen through the membrane, and oxygen leaving the reactor through leaks. Based on
reactor geometry, the volume of the headspace in the reactors is 49 mL and 3.6 L for the ICARUS jars
and prototype, respectively. Besides the final mass harvested from the WWTP prototype, the theoretical
volumes of oxygen produced would not exceed to allowable volume in the headspace of the reactors;
however, the headspace volume is inoculated with some oxygen in the headspace, assumed to be ~21% of
the total volume based on atmospheric composition. Diffusion of soluble oxygen through the ICARUS
membrane is a likely cause for loss from the reactor boundary due to the concentration gradient between
the oxygen within the reactor and the lower oxygen concentration in the background tanks encouraging
the oxygen to diffuse outward. This driving force is larger with larger differences in concentrations, and
so the most loss through the membranes is assumed to be in the WWTP setting, where background DO
concentrations were maintained below 1 mg L-1 throughout the 28 days. This diffusion through the
membrane was observed in both the lab and field settings with increasing DO in the closed background
water; any increase in the DO concertation in the background water, would subsequently slow down
diffusion through the membrane. It is also important to note that this diffusion would also be hindered or
stopped with membrane fouling. Though photosynthetically-induced dewatering has been confidently
observed in the ICARUS jars (i.e., repeated occasions where ICARUS jar became devoid of water and
membranes were bowed out with pressure), signifying an air and water-tight gasket seal, the same has not
been observed with the prototypes. Leaks at the gasket site along with contaminant organism observation
in various prototypes has occurred. Therefore, it is likely that any volume loss in jars is due to pressure
build up within the jar pushing water out of the membrane; however, volume loss with in the prototype
could have resulted due to leaking gasket. Though water levels were aimed to be maintained just below
the gasket seal, outdoor conditions and floating reactors lead to variability.
7.4

Conclusion
With respect to mass transfer the ICARUS reactor needs improvement. There are compounding

issues with foulants accumulating at the membrane surface which greatly reduces (if not eliminates)
passive diffusion. This may be able to be improved with better mixing, backwashing, or quicker
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harvesting and subsequent membrane cleaning. Additionally algae cultivation is greatly enhanced in the
WWTP setting. This may be due in part to: shear due to continuous tangential upflow into the membrane
bottom; saturated carbon dioxide concentrations (and very low DO) in the background; continuous, stable
nutrient sources; and/or diverse microbial community support. Overall, the ICARUS technology has
successfully achieved TRL 5, but likely needs better performance long-term and operational techniques
such as for algae harvesting to achieve TRL 6.
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Table 7.7: Photosynthetic oxygen production
Trial
Lab
Outdoor
WWTP

Jar
Prototype
Jar
Prototype
Jar
Prototype

Day
14
14
21
21
15
26

Harvest
(mg)
23
380
37
704
135
3520

Theoretical Oxygen
Produced
Diffused in
Conc. DO
(mL)
Solution (mL)
(mg/L)
28
3
26
454
80
17
45
3
26
854
81
17
165
3
26
4315
82
17
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Measured
Conc. DO
Max
(mg/L)
DO
9.3
10.6
9.4
10.8
25.8
25.8
20.8
21.1
20.1
26.9
18.92
26.9

Day of
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10
21
16
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Figure 7.13: Measured versus saturated dissolved oxygen and corresponding volume loss in the lab (A/B),
outdoor (C/D), and WWTP (E/F)
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK

With growing global water stresses and concerns regarding environmental water quality, more
sustainable, resource recovery-driven technologies need to be developed and adopted for better water
management. Resources occurring in various wastewater streams must be recovered for their potential
value, rather than removed for disposal and subsequent limited reusability. Onsite treatment technologies
could help to minimize related negative environmental impacts.
Overall, the ICARUS technology has been proven a platform for the sustainable cultivation of algae
for better water management practices. The technology has low operational energy, simple deployment
and start-up, and incorporates enhanced harvesting and dewatering abilities. The reactor has successfully
enhanced biomass production as compared to previous ICARUS reactor iterations and suspended culture
controls samples. A recently scaled-up prototype has proved capable of functioning in field settings, with
particularly better performance in the WWTP setting.
However, further work is needed to optimize both reactor and operational parameters. In general,
the reactor needs better mass transfer through the membrane; this has been discussed to be achieved via
reactor geometry, mixing, backwash, or membrane cleaning. In order to maximize production in remote
field locations, reactor geometry should better optimize footprint (reactor surface area), lighted area
(reactor surface receiving PAR), and operational volume; it is hypothesized that current reactor headspace
and culture depth are too large. A flatter reactor would likely provide better light distribution. Although
passive dewatering has been observed, more work is needed to optimize this parameter. Currently, no
harvesting mechanism has been tested for full-scale operations; pending patents discuss possible methods
for harvesting with reactors in series (Appendix A.1). Continued work is needed to improve reactor
design and investigate full-scale performance.

146

8.1

Recommendations for Reactor Improvements and Continued Testing
The ICARUS reactor, though scale-up to a more functional operational volume, still has much

room for improvement. With the first sets of prototype testing completed, it was observed that the current
design of clamping the two-piece reactor shell is insufficient; a water-tight seal is not achieved. This
could likely be improved keeping the shell design the same with a more thorough clamping mechanism
around the entire perimeter of the seal, rather than point-pinching with nuts and bolts. Another option
would be to mimic the screw-tight seal, proven successful with the jars, by modifying the prototype to a
round geometry. However, a round geometry would likely make the adherence of a membrane bottom
more difficult. With an improved, water/gas-tight seal, it will be feasible to begin testing the active and
passive dewatering and backwash techniques. With the passive technique, gas produced within the reactor
is allowed to passively vent to the environment. Just before time to harvest, the vent is closed and
continued gas production passively dewaters the rector. A more active dewater technique has also been
discussed. While monitoring pressure within the reactor, biogas is able to be pumped out of or in to the
reactor actively to induce backwash or dewatering, respectively. These techniques, described in detail in
Chapter 5, require pressure build-up within the reactor to force water in or out through the membrane; this
technique is not possible with a leaking seal. Passive dewatering has also been discusses as a potential
operational mode for future ICARUS reactors.
With observed higher areal biomass of the prototypes compared to the jars, it is likely that the
higher membrane surface area to volume ratio (SA:vol) improved culturing conditions. Future iterations
of ICARUS should try to optimize this ratio by testing out designs with more membrane surface area,
without reducing culturing volume. Another aspect of reactor geometry that has not yet been tested, is
harvesting through the collection trough. This harvesting may occur at one event, or at a slow rate
continuously. If future ICARUS reactors are cultivated in series, as designed, harvesting should also
occur in series, with collection troughs connected and pumped out simultaneously. This harvesting
technique can be simply pumped out to evacuate settled contents of the reactor. Likely a better technique
to maintain lower water content in harvested ICARUS biomass would be to utilize an Archimedes screw
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mechanism to push settled biomass out without encouraging much resuspension, or mixing, and allowing
for more cells to continuously settle.
Another aspect currently unable to be tested for the ICARUS reactor is detailed mass transfer
through the membrane over time. This parameter is paramount to ICARUS success, but is extremely
difficult to measure in practice. Currently, this parameter is monitored roughly based on nutrient,
dissolved oxygen, and conductivity concentrations inside and outside of the reactors, but these values are
assumed homogenous when in reality they likely are not, especially at the membrane surface. One
parameter not tested in this set of experimentation with significant effect on culture performance is carbon
dioxide; with any carbonate scaling on the membrane surface (observed and described in Chapter 6),
carbon dioxide delivery diffusion would decline. The testing options are very limited to measure the fine
changes in concentrations over time due to mass transfer occurring at the membrane surface; but a
measure reduction would signify non-optimal conditions, and so a need for action (e.g., backwash,
harvest, membrane cleaning or replacement). Mass transfer could be measured with nano-probes
monitoring concentrations gradients at the membrane surface, but these probes are highly expensive, and
would likely be less reliable in the field, long-term, but should be considered for future testing. In addition
to better monitoring of soluble constituents and gases, light distribution within the reactor should be
further investigated. The PETG material currently used for the reactor shell is translucent, but could be
improved for light delivery to culture; reactor geometry could also be manipulated to distribute PAR
better to culture throughout the operational volume. With success at these design and testing parameters,
operational protocol can be further investigated and established including (e.g., time to backwash, time to
harvest).
8.2

Considerations for Future Work
ICARUS, originally intended for onsite recovery of resources in the WWTP setting, has recently

expanded deployment site applicability to include any site containing available water with suitable quality
to culture algae. For example, this would be particularly advantageous for agricultural runoff, high in
nutrients, to be collected at the agricultural site, preventing detrimental discharge into nearby natural
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water bodies. ICARUS reactors could be deployed at the necessary scale in series, to recover such
nutrients in the form of algal biomass, which ideally would then be utilized onsite as an animal feed or
fertilizer source. This ‘closing of the loop’ on a localized scale greatly reduces unnecessary associated
with transporting goods (i.e., wastewater, biomass, etc.). This localized treatment also reduces energy
usage by treated more concentrated streams, rather than diluted streams found at large scale WWTPs.
With a new vision for the future of ICARUS reactors, more field settings with suitable, available water
for the cultivation of algae should be investigated and sites tested with onsite deployment.
As previously discussed, the success of algae cultivation systems is driven by economics. The value
of the algae biomass product must be higher than the cost of production. This is still a challenging barrier
and has resulted in limited commercial breakthrough for such technologies. The ICARUS reactor, though
still at the prototype scale, has be preliminary investigated for economic potential (Hsiang-Yang Shyu,
2018). Greater biomass yields and cheaper prototype production at the larger scale could yield economic
success. As ICARUS development continues, means of lowering production and operational costs should
be further investigated and incorporated. With that, an area of focus that has not yet been investigated
thoroughly is bioproduct possibilities from ICARUS algae crops. A wide range of bioproducts from algae
are currently sold and being researched at various scales. These various products are specifically
optimized for with algal species selection and controlled environmental conditions to produce the best
algal culture for the desired product. For example, if biofuel is the desired end-product, an algal with
naturally high lipid content would be grown, and culture conditions would be optimized for the cells to
produce the most lipid possible. ICARUS algae cultures have not been tested at this level, but should be
in the future to see what the effects of the ICARUS reactor and deployment setting has on biomass.
Physiological changes (e.g., chlorophyll and other pigment content, cell morphology, size, and chemical
composition) in ICARUS culture should be better analyzed to determine potential and ideal end-uses for
the harvested biomass. Furthermore, the use of wastewater, or any unsterile conditions outdoors, would
likely results in decreased usability of the algal biomass. Though the ICARUS membrane is intended to
provide crop protection from outside threats, more detailed and long-term tested would be needed to
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ensure safety for human consumption. However, with adequate biomass downstream processing, sterile
culturing conditions may not be required for certain products. For example, if the biomass would be
cultured for pigment or vitamin production, cell contents would be on a compound basis, removing all
compounds but the desired product. In this case, it is possible that though unsterile water was used to
cultivation, the product would still be suitable for human use. (To note, in this situation it would be most
beneficial to also have an end-use, likely lower-cost, for the rest of the cell content.) Future ICARUS
work should not only investigate resulting effects on algal cell molecular composition and resulting
potential for downstream bioproduct generation, but also the regulations and legislation involved with
generating products from unsterile conditions.
Due to the sustainable potential for the ICARUS technology to recover resources from water
streams, the concept has also begun to be investigated to space applications. Where terrestrial applications
are driven by economics, space technologies are much less limited in that regard. Additionally, the space
setting, whether planetary base or transit vehicle, requires near complete recovery of resources, with finite
environments and limited, if any, resupply options. Technologies for space missions must be extremely
robust, with limited failure potential. These technologies are limited by mass and size requirements for
transportation. Another significant factor not found with terrestrial application, is zero or low- gravity.
Though ICAURS would not function as designed in a zero gravity setting, and so would not be suitable
for space vehicles, it does have potential for the low gravity settings of future planetary bases on Mars or
the Moon. In low gravity, ICARUS cells would likely settle more slowly, potentially minimizing
membrane fouling and enhancing growth over time. Though this scenario has not been designed or tested
for, it is a future potential avenue for ICARUS.
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SYSTEMS AND METHODS FOR CULTIVATING ALGAE
Notice of Government-Sponsored Research
This invention was made with Government support under Grant Number
5

1236746, awarded by the National Science Foundation. The Government has certain
rights in the invention.

Cross-Reference to Related Application
This application claims priority to co-pending U.S. Provisional Application
10

Serial Number 62/064,556, filed October 16, 2014, which is hereby incorporated by
reference herein in its entirety.

Background
Microalgae are increasingly recognized as a renewable source of biofuel, but
15

also have many other commercially valuable applications, such as pharmaceuticals,
animal/fish feed, fertilizers, etc. However, there remain many problems in the largescale production of microalgae, which hinders its economic competitiveness with
other biofuel crops. Microalgae are typically small in size (3-30 µm) and are
cultivated in relatively dilute concentrations (generally less than 0.5 g dry biomass L-

20

1), which makes harvesting and dewatering microalgal cultures particularly
problematic and expensive. External inputs, such as nutrients, freshwater, and
carbon dioxide, also add a substantial environmental and economic burden.
Wastewater, on the other hand, is a free source of nutrients, water, and carbon
dioxide and, if utilized in algae production, could improve the economics and

25

environmental footprint

of large-scale

algae

production. However, utilizing

wastewater may increase the chances of introducing predators, grazers, and
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invasive species to a microalgal culture, which can lead to algal culture collapse. As
a case in point, open raceway ponds are easily contaminated by environmental
contaminants (e.g., bacteria, fungi, and rotifers). Although synthetic growth media
can be sterilized before it is added to a closed algal culture, this can add- substantial
5

cost to production.
From the above discussion, it can be appreciated that it would be desirable to
have an alternative system and method with which algae can be cultivated.

Brief Description of the Drawings
10

The present disclosure may be better understood with reference to the
following figures. Matching reference numerals designate corresponding parts
throughout the figures, which are not necessarily drawn to scale.
Fig. 1 is a perspective view of an embodiment of a passive membrane
photobioreactor.

15

Fig. 2 is a top view of a first embodiment of an algae cultivation system.
Fig. 3 is a top view of a second embodiment of an algae cultivation system.
Fig. 4 is a top view of a third embodiment of an algae cultivation system.
Fig. 5 is a top view of a fourth embodiment of an algae cultivation system.
Fig. 6 is a side view of a passive membrane photobioreactor of the system of

20

Fig. 5.
Fig. 7 is a side view of a fifth embodiment of an algae cultivation system.
Fig. 8 is a side view of a sixth embodiment of an algae cultivation system.
Fig. 9 is a side view of a seventh embodiment of an algae cultivation system.
Fig. 10 is a top view of an eighth embodiment of an algae cultivation system.

25

Fig. 11 is a partial side view of the system of Fig. 10.
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Fig. 12 is a top view of a ninth embodiment of an algae cultivation system.

Detailed Description
As described above, it would be desirable to have an alternative system and
5

method with which algae can be cultivated. Examples of such systems and methods
are disclosed herein. In some embodiments, the systems and methods use passive
membranes to take advantage of concentration gradients across a membrane to
grow algae in a growth medium, such as wastewater. The membrane decouples the
culture from the growth media, enabling the passive transport of constituents (i.e.,

10

nutrients and gases) from a larger nutrient pool while still maintaining a physical
barrier for potential competitors/predators or contaminants, such as endemic
wastewater

species,

airborne

pathogens,

or

bacteria/protozoans/metazoans,

contained in the growth media. Separating the culture from the growth media
precludes the need to sterilize the media, which saves energy and cost.
15
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In the following disclosure, various specific embodiments are described. It is
to be understood that those embodiments are example implementations of the
disclosed inventions and that alternative embodiments are possible. All such
embodiments are intended to fall within the scope of this disclosure.
5

This disclosure addresses issues of cultivation, harvesting, and predator
invasion in the production of algae. As described below, the disclosed systems can
be utilized with various types of growth media. The nutrients and carbon dioxide in
the growth media, such as wastewater, can be used as a feedstock for production,
but the systems employ a membrane barrier to restrict passage of predators,

10

grazers, and invasive species. Wastewater is often touted as a sustainable source of
nutrients and carbon dioxide for algal cultivation, but wastewater treatment plants are
often built in areas of high density. The disclosed systems and methods can take
advantage of the existing footprint of a wastewater treatment plant or algal cultivation
facility to grow algae instead of using arable or undeveloped land. For example, the

15

disclosed systems can be installed on top of existing infrastructure, which not only
saves space but further reduces capital costs. The systems and methods also
preclude the need to sterilize growth media prior to feeding it to the algal culture, as
the membrane barrier protects the culture from invasive bacteria, fungi, protozoa, or
metazoa. Similarly, using the system in a raceway reactor further protects the culture

20

from environmental contaminants to which algae in traditional suspended culture
would otherwise be exposed.
The addition of a passive membrane prevents culture wash-out and retains
the cells while still exposing them to fresh nutrients. The membrane encourages
higher cell density, which eases harvesting and dewatering. In fact, it may be

25

possible for the systems to passively dewater themselves through gas production,
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without intervention, further improving harvestability. Reducing the burden on
downstream processing steps improves the economic competitiveness of the entire
process.
In some embodiments, the systems comprise multiple passive membrane
5

photobioreactors each being formed as a closed container adapted for growing micro
or macro algae. Because the container is closed, it provides enhanced protection
from predators and contaminants and better control over environmental conditions,
such as light availability and temperature, than more conventional open systems,
such as raceway ponds or lagoons. Although conventional photobioreactors tend to

10

improve the productivity of algal cultures, they typically require more operation and
maintenance and have higher energy costs and requirements than open systems.
The disclosed passive membrane photobioreactors, however,

may have lower

energy requirements. For example, temperature regulation can be controlled by the
growth medium below the reactor. In the case of wastewater cultivation, wastewater
15

is a consistent temperature year-round and acts as a temperature sink in the
summer and heat source in the winter. Nutrient and gas delivery occurs passively
through the membrane, minimizing pumping requirements. The membrane restricts
passage of large particles, reducing turbidity and improving sunlight penetration.
Reactor depth may be larger due to the ability to provide light on multiple sides.

20

Similarly, the passive protection from contamination reduces the need to add
antibiotics, fungicides, or other external chemicals.
In some embodiments, the disclosed systems comprise the following basic
design and operation principles:
1. Membrane characteristics. Membrane characteristics (e.g., material,

25

thickness, porosity, and permeability) can influence how the system functions and its
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selection is influenced by the overall goals of the system operation. Polymeric
materials with a backing or cloth textile material in the range of approximately 0.01 to
0.2 µm (20 to 350 kDa) may be preferable because they have performed well in past
experiments, are durable, and are effective in precluding entry of potential biological
5

contaminants. However, other membrane types could be utilized for projects with
goals different than optimizing biomass productivity or culture protection. For
example, if predation was less of a concern than the capital cost of the passive
membrane photobioreactor infrastructure, a membrane with a pore size of up to 1
µm or greater could be used to reduce costs. However, with large pore sizes, seed

10

culture may escape and predatory organisms may invade until a biological coating
layer (biofilm) forms on the membrane surface. The membrane characteristics may
also influence constituent transport, which in turn affect overall productivity and/or
algae metabolism. For example, if a project goal is to induce lipid production by
restricting nitrogen, smaller membrane pores may be employed to retard the

15

diffusion of nitrogen species across the membrane surface.
2. Culture depth. Submerging the passive membrane photobioreactors
containers into a growth media reactor (e.g., a wastewater reactor) regulates the
internal temperature of the algal culture to the relatively steady temperature range of
recirculated media or continuously flowing wastewater. Photobioreactors often

20

require external cooling mechanisms, which add energy and cost inputs. The
passive temperature regulation is a major advantage of the disclosed passive
membrane photobioreactors.
3. Available light. Light intensity can be controlled by a number of design
parameters, such as geometry and transparency of the passive membrane

25

photobioreactor container, depth of the passive membrane photobioreactor culture,
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and shading provided by the infrastructure. Example container geometries are
discussed below. In some embodiments, the container material should maximize
transparency and transparent surface area to enable light penetration for
photosynthesis. The containers can, for example, have transparent sides and a
5

transparent top. In some embodiments, the depth of the passive membrane
photobioreactor culture should not exceed 1 m to prevent shading of the algae cake
that may settle at the bottom of the passive membrane photobioreactor. Because the
disclosed reactors can float on top of growth medium, algae can be cultivated in
turbid water, such as activated sludge, yet still receive adequate light penetration.

10

4. Passive membrane photobioreactor configuration. While the passive
membrane photobioreactor containers can be box-shaped, alternative designs are
possible, including cylinders, rectangles, or other types of three-dimensional
polygons. The passive membrane photobioreactor container can be designed to be
best suited to optimize light, a project’s specific goals, or to fit a particular growth

15

media reactor, such as wastewater infrastructure or raceway ponds.
5.

Growth

media

reactor

configuration.

The

passive

membrane

photobioreactors can be installed in any open system, such as an algal raceway
pond, lagoon, or wastewater reactor. A wastewater reactor can include clarifiers,
activated sludge basins, lagoons, or any other wastewater basin with nutrients
20

remaining in its fluid. The site chosen for passive membrane photobioreactor
placement depends on the algal species cultivated and specific growth needs of that
species (i.e., nitrogen preference, minimum carbon dioxide concentration). However,
because passive membrane photobioreactor cultivation takes place in an
independent reactor, the turbidity of the growth media (e.g., wastewater-activated

25

sludge) is not a concern as long as the membrane characteristics do not enable
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passage of excessive turbidity and culture depth remains less than 1 m, light will still
penetrate the passive membrane photobioreactors. The disclosed reactors can also
be floated in natural or manmade waterways, such as stormwater ponds, catchment
basins, or open water channels. The intent to deploy the disclosed reactor may be to
5

provide nutrient removal capacity in an impaired waterway.
6. Harvest frequency. Harvest frequency will depend on the species being
cultivated and the environmental conditions at the growth site, which will govern the
growth rate of the algal culture. Site-specific goals of the culture (e.g., nutrient
polishing or biomass production for commercial use) may govern timing and target

10

cell density of the culture prior to harvesting.
7. Harvest procedure. In some cases, a removable cartridge (top or bottom)
can be removed from the passive membrane photobioreactor container and the
remaining water and suspended culture can be emptied into a collection basin. The
suspended culture can be used to reseed the containers if contamination has not

15

occurred. The remaining settled algae cake can be scraped into a separate
collection bin to retain its high solids content. The harvest method can be achieved
manually or mechanically.
8. Passive dewatering. Oxygen production via photosynthesis passively
dewaters the algal culture when grown in a closed system as the oxygen displaces

20

water within the passive membrane photobioreactors. This process can be exploited
to increase the cell density of cultures prior to harvest (e.g., by removing water and
concentrating cells).
The passive membrane photobioreactors and the systems in which they are
used can take a variety of forms. Figs. 1-12 illustrate some example embodiments of

25

these passive membrane photobioreactors and systems. Beginning with Fig. 1,
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illustrated is a passive membrane photobioreactor 10 that can be incorporated into
an existing or future algae cultivation system, wastewater reactor, or other
wastewater structure or waterway. As shown in Fig. 1, the photobioreactor 10
comprises a generally rectangular container 12 that includes multiple generally
5

planar wall panels. In the example of Fig. 1, these panels include a top panel 14, a
first end panel 16, a second end panel 18, a first side panel 20, and a second side
panel 22. Each of these panels 14-22 can be generally perpendicular to each other
to form an orthogonal rectangular box that defines an interior space 24. While an
orthogonal rectangular box has been described and illustrated, it is noted that

10

substantially any shape could be used, including three-dimensional polygons,
cylinders, or hexagons. The particular shape that is used is not critical and may be
influenced by various factors, such as the nature of the structure in which the
photobioreactor 10 is to be used.
The size of the container 12 can be selected to suit the particular application

15

in which it will be used. In some embodiments, however, the container 12 can have a
length of approximately 1 to 10 m, a width of approximately 1 to 3 m, and a height of
approximately 0.1 to 1 m, and the interior space 24 can have a volume of
approximately 0.1 to 30 m3. As noted above, the container 12 can be transparent, or
at least translucent, in which case the panels 14-22 can be made of a material that

20

enables light to pass through the panels. In some embodiments, the panels 14-22
are made of a clear polymeric material, such as an acrylic material. Each of the
panels 14-22 can be sealed along their common edges to prevent ingress or egress
of fluids. In some embodiments, one or more of the panels 14-22 can be opened or
removed from the container 12 to facilitate seeding of the container and harvesting of

25

algae from the container.
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As can be appreciated from the above discussion, the container 12 does not
comprise a bottom panel similar to the other panels 14-22. Instead, the bottom of the
container 12 is open but covered by a porous membrane 26 that enables water,
carbon dioxide, and nutrients (e.g., nitrogen and phosphorus) to pass into the interior
5

space 24 of the container 12 but prevents entry of contaminants and other unwanted
components of the growth media into the interior space. The pores of the membrane
can be less than approximately 1 µm in size. In some embodiments, the pores are in
the range of approximately 0.01 to 0.2 µm (~20 to 350 kDa). By way of example, the
membrane 26 can comprise an ultrafiltration membrane that forms part of a

10

removable membrane cartridge that seals to the bottom edges of the end and side
panels 16-22 of the container.
Passive membrane photobioreactors 10 of the type shown in Fig. 1 can be
deployed in a growth media reactor to form an algae cultivation system 10. In
particular, one or more photobioreactor containers 12 can be placed within an open-

15

topped growth media reactor with their top panels 14 positioned near the surface of
the growth media, such as wastewater (e.g., wastewater), and their end panels 16,
18, side panels 20, 22, and membrane 26 immersed in the media. The depth at
which the containers 12 are submerged can be vary the volume of algae culture that
is produced. Figs. 2 and 3 show such algae cultivation systems 30 and 31. As

20

indicated in these figures, the example systems 30, 31 include one or more passive
membrane photobioreactors 10 that are immersed in the growth media 32 contained
by an open-topped growth media reactor 34 including end walls 36 and 38, and side
walls 40 and 42. Prior to immersion in the growth media 32, the photobioreactor
containers 12 can be seeded with algal cells of the target algae species that is to be

25

cultivated. Assuming correct conditions, the algae will then grow within the
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containers 12. As depicted in Figs. 2 and 3, the containers 12 can either float
independently within the growth media 32 using floats 44 connected to the
containers, and/or can be tethered to the side walls 40, 42 of the reactor 34 with
tethers 46 to maintain the containers at a desired depth and position. The tethers 46
5

can extend between sides of the reactor 34 (i.e., transversely) or between the ends
of the reactor (i.e., longitudinally).
During harvesting of the algae, the passive membrane photobioreactor
containers 12 can be manually or automatically extracted from the reactor 34. Next,
one of the container panels 14-22 (e.g., the top panel 14) can be removed to access

10

the container’s interior space 24 (Fig. 1). It is likely that algal culture, in the form of
an algae cake, will settle at the bottom of the container 12. Residual water can be
drained through the membrane 26 and any remaining water can be poured out of the
container 12 and, if desired, retained for later seeding purposes. The algae culture
can then be scraped from the membrane 26 and placed in an appropriate collection

15

vessel. The outer surfaces of the container panels 14-22 can be cleaned and the
interior space 24 can be reseeded. Once reseeding has been performed, the
removed panel can be replaced and the container 12 can be returned to the reactor
34.
In some embodiments, algae harvesting can be at least partially automated.

20

Fig. 4 illustrates an example of this. More particularly, Fig. 4 shows an algae
cultivation system 50 that includes at least one passive membrane photobioreactor
52. The photobioreactor 52 is similar in many ways to the photobioreactor 10 shown
in Fig 1. Therefore, the photobioreactor 52 comprises a generally rectangular
container 54 that includes multiple wall panels, which include a top wall (not

25

numbered), end walls 56 and 58, and side walls 60 and 62 that together define an
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interior space 64 of the container. The container 54 further includes a porous
membrane 66 that covers the bottom of the container.
Unlike the photobioreactor 10 of Fig. 1, however, the photobioreactor 52
includes means for harvesting cultivated algae that include a recirculation system 68.
5

As shown in Fig. 4, the recirculation system 68 comprises a dewatering system 70
that is in fluid communication with the interior space 64 via a container outlet 72 and
a container inlet 74. The dewatering system 70 includes a pump mechanism that is
used to draw algae from the container 54 through the outlet 72 and a dewatering
mechanism (e.g., a gravity or filtration dewatering mechanism) that is used to

10

dewater the algae so that concentrated algae sludge can be output from the system
and collected. The dewatering system 70 then pumps the remaining algae and water
back into the container 54 for further algae cultivation. Such harvesting can be
performed on a continuous or batch basis.
As is further shown in Fig. 4, the photobioreactor container 54 can include

15

multiple laterally extending baffles 76 provided within interior space 64 that force the
algal culture to travel a serpentine path through the container from the inlet 74 to the
outlet 72. This improves mixing, prevents internal biofouling, and potentially
increases the concentration gradient between the growth media and algal culture as
it prevents short circuiting in which the algae does not have enough time to grow.

20

Figs. 5 and 6 show an alternative algae cultivation system 80 that is similar to
the system 50 of Fig. 4. The system 80 includes at least one passive membrane
photobioreactor 82. As shown most clearly in Fig. 5, the photobioreactor 82
comprises a generally rectangular container 84 that includes multiple wall panels,
which include a top wall 85 (Fig. 6), end walls 86 and 88, and side walls 90 and 92

25

that together define an interior space 94 of the container. The container 84 further
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includes a porous membrane 96 (Fig. 6) that covers the bottom of the container. The
system 80 also includes a recirculation system 98 comprising a dewatering system
100 that is in fluid communication with the interior space 94 via a container outlet
102 and a container inlet 104.
5

As shown in Figs. 5 and 6, the photobioreactor container 54 further includes
an internal scraping mechanism that comprises a continuous rotatable belt 106 that
includes multiple scraping blades 108 that extend outward from the belt toward to the
inner surface of at least the membrane 96. As depicted in Fig. 6, when the belt 106 is
driven by an appropriate drive mechanism, such as a motor (not shown), its blades

10

108 can drive cultivated algae toward the container outlet 102 to help facilitate the
harvesting process. This way, the algae is harvested from the container 54 at its
most concentrated point. The algae culture is actively recirculated to improve mixing,
reduce settling and internal biofouling, and improve the concentration gradient
between the growth media and culture.

15

In other algae cultivation systems, the passive membrane photobioreactor
containers can be mounted to an external conveyor belt that at least partially
automates the harvesting process. Fig. 7 shows a first embodiment of such a system
110. In this embodiment, multiple passive membrane photobioreactors 112, which
can have a configuration similar to that described above in relation to Fig. 1, are

20

mounted in a spaced manner to an outside surface of a continuous conveyor belt
114 that can be driven by an appropriate drive mechanism, such as a motor (not
shown). In some embodiments, the tops of the photobioreactors 112 are mounted to
the belt 114, in which case the bottoms of the photobioreactors each include a
porous membrane. In other embodiments, however, the bottoms of the

25

photobioreactors 112 can be mounted to the belt 114, which can be made of a
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porous membrane material so as to serve the same function as the individual
membranes shown in Fig. 1.
Irrespective of whether the photobioreactors 112 each include their own
discrete membrane or the belt 114 forms this membrane for each photobioreactor,
5

the belt can be rotated to sequentially immerse each photobioreactor 112 in growth
media 116 contained in an open-topped growth media reactor 118 and later remove
the photobioreactor from the growth media for algae harvesting. An advantage of this
embodiment is that it reduces external attached growth on the photobioreactors 112
by preventing the photobioreactors from being stagnant. Furthermore, the

10

photobioreactors 112 can be easily cleaned when they are out of the growth media
116.
Harvesting can be at least partially automated using a harvesting system 120
that removes and dewaters the cultivated algae before the photobioreactors 112 are
re-immersed in the growth media 116. In addition, dewatering may naturally occur as

15

water

escapes

the

photobioreactors

112

via

their

membranes

as

the

photobioreactors are removed from the growth media 116. Moreover, passive
dewatering may occur while the photobioreactors 112 are submerged due to oxygen
production during photosynthesis. The system 110 can be operated in a continuous
or batch harvesting manner. Continuous harvesting may require the conveyor belt
20

114 to run at a constant speed (determined by the solids retention time of the
culture), such that containers are continuously harvested by the harvesting system
120. In contrast, batch harvesting could occur on a set schedule based on time,
culture density, or other parameters. Harvesting can be performed once for each
rotation or at another predetermined interval, such once as every 10th cycle. The

25

photobioreactors 112 can all have the same solids retention time and can be
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harvested after the same amount of time or can be staggered to promote metabolic
changes in longer growth periods.
Fig. 8 shows a second embodiment of such a conveyor-based cultivation
system 130. In this embodiment, multiple passive membrane photobioreactors 132
5

are mounted in a spaced manner to an inside surface of a continuous conveyor belt
134. In some embodiments, the tops of the photobioreactors 132 are mounted to the
belt 134, in which case the bottoms of the photobioreactors each include a porous
membrane. In other embodiments, the bottoms of the photobioreactors 132 can be
mounted to the belt 134, which can be made of a porous membrane material so as

10

to serve the same function as the individual membranes shown in Fig. 1.
As in Fig. 7, the belt 134 can be rotated to sequentially immerse each
photobioreactor 132 in growth media 136 contained in an open-topped growth media
reactor 138 and later remove the photobioreactor from the growth media for algae
harvesting. Harvesting can be at least be partially automated using a harvesting

15

system 140 that removes and dewaters the cultivated algae before the
photobioreactors 112 are re-immersed in the growth media. As with the embodiment
of Fig. 7, the system 130 can be operated in a continuous or batch harvesting
manner. Alternatively, harvesting can be performed continuously or intermittently.
Fig. 9 shows a further alternative embodiment of an algae cultivation system

20

150. In this embodiment, the passive membrane photobioreactors 152 are mounted
to a rotatable wheel 154 having an axis of rotation that can, in some embodiments,
be positioned near the surface of the growth media 156 of the growth media reactor
158. The wheel 154 can be rotated by an appropriate drive mechanism, such as a
motor (not shown), to sequentially immerse the photobioreactors 152 and then lift

25

them out of the growth media 156 for harvesting. The tops, bottoms, or both the tops
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and the bottoms of the photobioreactors 152 can comprise a porous membrane and
the algal culture can settle as the photobioreactors are transported to a harvesting
system 160. Similarly, the sides of the photobioreactor 152 can also comprise
membrane material to increase the surface area for exchange. In some cases, the
5

photobioreactors 152 can pivot on the frame of the wheel 154, which may enable
easier harvesting. This embodiment has the advantage of reduced shading of the
algae.
Figs. 10 and 11 illustrate an algae cultivation system 170 in which the passive
membrane photobioreactors 172 are supported by a transport mechanism 174 that

10

transports the photobioreactors between two different growth media reactors 176
and 178, and alternately immerses the photobioreactors in the grow media 180 and
182 respectively contained in the reactors. The transport mechanism 174 can take a
variety of forms. In some cases, the mechanism 174 includes conveyor belts and/or
rails that support the photobioreactors 172. Harvesting of each photobioreactor 172

15

can take place upon its removal from each reactor 176, 178 using harvesting
systems 184 and 186.
The reactors 176, 178 can contain the same type of growth media or different
types of growth media. For example, the reactors 176, 178 can comprise different
types of wastewater having differing dominant nutrient qualities or different synthetic

20

media stationed in an order to induce a metabolic response. The system 170
enables timed delivery of varying types of nutrients, vitamins, gases, etc., and/or
changes in environmental conditions (e.g., temperature, pH, light availability) that
may enable the operator to change metabolic and biomass characteristics of the
algal population. This may be especially beneficial in biofuel operations in which

25

certain environmental conditions can trigger lipid production within an algal cell.
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Fig. 12 shows an algae cultivation system 190 in which the growth media is
driven through the photobioreactor. The system 190 includes a photobioreactor 192
that comprises a container 194 having multiple wall panels, including a top wall (not
identified), a bottom wall (not identified), end walls 196 and 198, and side walls 200
5

and 202 that together define a closed interior space 204. Instead of including a
porous membrane that covers the bottom of the container 194, the container
includes one or more internal growth media tubes 206 that supply growth media,
such as wastewater, to the container. Each tube is made of or comprises a porous
membrane that, like the membranes of the other embodiments, enables water,

10

carbon dioxide, and nutrients to pass from the growth media into water contained in
the photobioreactor so that algae can be cultivated in the photobioreactor 192. The
growth media can be pumped through the tubes 206 with inlet and outlet tubes 208
and 210 so that fresh media is continually or continuously supplied to the
photobioreactor 192.

15

As with previous embodiments, the system 190 can also include a
recirculation system 212 comprising a dewatering system 214 that is in fluid
communication with the interior space 204 via a container outlet 216 and a container
inlet 218.
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CLAIMS
Claimed are:
1.

An algae cultivation system comprising:

a passive membrane photobioreactor comprising an interior space in which
algae can be cultivated and a porous membrane that separates growth media from
the interior space, wherein water, carbon dioxide, and nutrients contained within the
growth media can pass through the membrane and into the interior space but
contaminants cannot.

2.

The system of claim 1, wherein the passive membrane photobioreactor

comprises multiple transparent wall panels that define the interior space.

3.

The system of claim 2, wherein the wall panels form a container having

an open side.

4.

The system of claim 3, wherein the porous membrane covers the open

side of the container such that fluid can only enter the interior space if it passes
through the membrane.

5.

The system of claim 2, wherein the wall panels form a closed

container.

6.

The system of claim 5, wherein the porous membrane forms a growth

media tube that passes through the container and wherein fluid can only enter the
interior space if it passes through the tube.
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7.

The system of claim 1, further comprising a recirculation system that

circulates growth media through the passive membrane photobioreactor.

8.

The system of claim 7, wherein the recirculation system comprises a

dewatering system that dewaters algae cultivated in the passive membrane
photobioreactor and removes the algae from the system.

9.

The system of claim 7, wherein the passive membrane photobioreactor

comprises internal baffles.

10.

The system of claim 7, wherein passive membrane photobioreactor

comprises an internal scraping mechanism that drives cultivated algae to the
recirculation system.

11.

The system of claim 1, further comprising a growth media reactor

adapted to contain the growth media

in

which the passive membrane

photobioreactor can be immersed.

12.

The system of claim 11, further comprising a conveyor belt to which the

passive membrane photobioreactor is mounted, wherein the conveyor belt can be
operated to alternately immerse the photobioreactor in the growth media for algae
cultivation and remove it from the growth media for algae harvesting.
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13.

The system of claim 12, wherein the porous membrane is part of the

conveyor belt.

14.

The system of claim 12, further comprising a wheel to which the

passive membrane photobioreactor is mounted, wherein the conveyor belt can be
operated to alternately immerse the photobioreactor in the growth media for algae
cultivation and remove it from the growth media for algae harvesting.

15.

A passive membrane photobioreactor comprising:

multiple transparent wall panels that form a container that defines an interior
space in which algae is to be cultivated and includes an open side; and
a porous membrane that covers the open side of the container that separates
growth media from the interior space, wherein water, carbon dioxide, and nutrients
contained within the growth media can pass through the membrane and into the
interior space but contaminants cannot.

16.

The photobioreactor of claim 15, wherein the porous membrane has

pores that are less than approximately 1 µm in size.

17.

The photobioreactor of claim 15, wherein the porous membrane has

pores in the range of approximately 0.01 to 0.2 µm.
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18.

A passive membrane photobioreactor comprising:

multiple transparent wall panels that form a closed container that defines an
interior space in which algae is to be cultivated; and
a growth media tube that passes through the container that comprises a
porous membrane that separates growth media from the interior space, wherein
water, carbon dioxide, and nutrients contained within the growth media can pass
through the membrane and into the interior space but contaminants cannot.

19.

The photobioreactor of claim 18, wherein the porous membrane has

pores that are less than approximately 1 µm in size.

20.

The photobioreactor of claim 18, wherein the porous membrane has

pores in the range of approximately 0.01 to 0.2 µm.
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ABSTRACT
In one embodiment, an algae cultivation system includes a passive
membrane photobioreactor having an interior space in which algae can be cultivated
and a porous membrane that separates growth media from the interior space,
wherein water, carbon dioxide, and nutrients contained within the growth media can
pass through the membrane and into the interior space but contaminants cannot.
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Figure A1.1: Figures 1 and 2 submitted for Patent #292103-2490
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Figure A1.2: Figures 3 and 4 submitted for Patent #292103-2490
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Figure A1.3: Figures 5A and 5B submitted for Patent #292103-2490
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Figure A1.4: Figure 6 submitted for Patent #292103-2490

184

A2 Systems and Methods for Cultivating Algae
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SYSTEMS AND METHODS FOR
CULTIVATING ALGAE
Notice of Government-Sponsored Research
5

This invention was made with Government support under Grant Number
1236746, awarded by the National Science Foundation. The Government has certain
rights to the invention.

Cross-Reference to Related Application
10

This application claims priority to co-pending U.S. Provisional Application Serial
Number 62/255,044, filed November 13, 2015, which is hereby incorporated by
reference herein in its entirety.

Background
15

Algae are increasingly recognized as a renewable source of biofuel, but also
have many other commercially valuable applications, such as pharmaceuticals,
animal/fish feed, and fertilizers. However, there remain many problems in the largescale production of algae, which hinder its economic competitiveness with other biofuel
crops.

20

Algae are typically small in size (2-30 µm) and are cultivated in relatively dilute
concentrations (generally less than 0.5 g dry biomass L-1), which makes harvesting and
dewatering microalgal cultures particularly problematic and expensive. External inputs,
such as nutrients, freshwater, and gases, also add a substantial environmental and
economic burden. Wastewater, on the other hand, is a free source of nutrients, water,
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and carbon dioxide, if utilized in algae production, could improve the economics and
environmental footprint of large-scale algae production. However, utilizing wastewater
may increase the chances of introducing predators, grazers, and invasive species to a
microalgal culture, which can lead to algal culture collapse. As a case in point, open
5

raceway ponds are easily contaminated by environmental contaminants (e.g., bacteria,
fungi, and rotifers). Although synthetic growth media can be sterilized before it is added
to a closed algal culture, this can add substantial cost to production.
From the above discussion, it can be appreciated that it would be desirable to
have an alternative system and method with which algae can be cultivated, harvested,

10

and dewatered.

Brief Description of the Drawings
The present disclosure may be better understood with reference to the following
figures. Matching reference numerals designate corresponding parts throughout the
15

figures, which are not necessarily drawn to scale.
Fig. 1 is a perspective view of a first embodiment of a photobioreactor configured
to enable controlled dewatering of algae cultivated within the photobioreactor.
Fig. 2 is an end view of the photobioreactor of Fig. 1.
Figs. 3A and 3B are end views of the photobioreactor of Fig. 1 and illustrate

20

controlled dewatering of algae within the photobioreactor.
Fig. 4 is an end view of an open-topped growth media reactor in which a
photobioreactor is immersed.
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Figs. 5A and 5B are end views of a second embodiment of a photobioreactor and
illustrate controlled tilting of the photobioreactor to facilitate harvesting of algae
cultivated within the photobioreactor.

Detailed Description

5

As described above, it would be desirable to have an alternative system and
method with which algae can be cultivated, harvested, and dewatered. Examples of
such systems and methods are disclosed herein. The systems and methods include
one or more photobioreactors that comprise selectively inflatable floats that can be used
10

to control the position and/or orientation of the photobioreactor when it is immersed in a
pool of liquid. In some embodiments, the photobioreactors include porous membrane
filters that enable the passive transport of constituents (i.e., nutrients and gases) from a
growth

medium

while

still

maintaining

a

physical

barrier

for

potential

competitors/predators/grazers or contaminants, such as endemic wastewater species,
15

airborne pathogens, or bacteria/protozoans/metazoans, contained in the growth
medium. In such an embodiment, the floats can be inflated to raise the position of the
photobioreactor in the pool to dewater the algae that has been cultivated within the
photobioreactor. In other embodiments, the floats can be inflated to raise one side of the
photobioreactor so as to tilt the photobioreactor to facilitate harvesting of the algae that

20

has been cultivated within the photobioreactor.
In the following disclosure, various specific embodiments are described. It is to
be understood that those embodiments are example implementations of the disclosed
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inventions and that alternative embodiments are possible. All such embodiments are
intended to fall within the scope of this disclosure.
This disclosure addresses issues of cultivation, harvesting, dewatering, and
predator/grazer invasion in the production of algae. The disclosed systems and
5

methods can be used with various types of growth media. The nutrients and carbon
dioxide in the growth media, such as wastewater, can be used as a feedstock for algae
production. As noted above, the photobioreactors in which the algae is cultivated can be
manipulated using selectively inflatable floats to change the position and/or orientation
of the photobioreactor for purposes of dewatering and/or harvesting. In some

10

embodiments, the floats can be inflated using photosynthetic gas (namely oxygen)
generated by the algae cultivation process. In other embodiments, the floats can be
inflated using another gas source.
During photosynthesis, algae consume either dissolved carbon dioxide (an
autotrophic reaction), dissolved organic carbon (a heterotrophic reaction), or a

15

combination thereof (a mixotrophic reaction), and produce oxygen as a byproduct.
Because oxygen has a lower water solubility than either carbon dioxide or dissolved
organic carbon, it partitions readily into the gas phase. If such photosynthesis occurs in
a photobioreactor in which gas-phase oxygen is not allowed to escape into the
atmosphere (such as a closed bioreactor), then the accumulated oxygen in the

20

headspace will generate a pressure in the headspace of the photobioreactor.
Figs. 1 and 2 illustrate an embodiment of a photobioreactor 10 that can be
incorporated into an existing or future algae cultivation system, stormwater pond, waste
stabilization lagoon, wastewater reactor (e.g., aeration basin or settling clarifier), or
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other wastewater structure or waterway. As shown in these figures, the photobioreactor
10 is configured as a generally rectangular container 12 that includes multiple generally
planar wall panels. In the example of Figs. 1 and 2, these panels include a top panel 14,
a bottom panel 16, a first end panel 18, a second end panel 20, a first side panel 22,
5

and a second side panel 24. Each of these panels 14-24 can be generally perpendicular
to each other to form an orthogonal rectangular box that defines an interior space 26.
While an orthogonal rectangular box has been described and illustrated, it is noted that
substantially any shape could be used, including three-dimensional polygons, cylinders,
or hexagons. The particular shape that is used is not critical and may be influenced by

10

various factors, such as the nature of the structure in which the photobioreactor 10 is to
be used.
The size of the container 12 can be selected to suit the particular application in
which it will be used. In some embodiments, however, the container 12 can have a
length of approximately 1 to 10 m, a width of approximately 1 to 3 m, and a height of

15

approximately 0.1 to 1 m, and the interior space 26 can have a volume of approximately
0.1 to 30 m3. The container 12 can be transparent, or at least translucent, in which case
the panels 14-24 can be made of a material that enables light, particularly sunlight, to
easily pass through the panels. In some embodiments, the panels 14-24 are made of a
clear polymeric material, such as an acrylic or polycarbonate material. Each of the

20

panels 14-24 can be sealed along their shared edges to prevent ingress or egress of
fluids. In some embodiments, one or more of the panels 14-24, such as the top panel
14, can be opened or removed from the container 12 to facilitate seeding of the
container 12 and/or harvesting of algae from the container.
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The container 12 further includes a porous membrane filter 28. In the
embodiment of Figs. 1 and 2, this porous membrane filter 28 is incorporated into the
bottom panel 16. In particular, the bottom panel 16 comprises an opening that the
porous membrane filter 28 covers. This membrane filter 28 enables water, gases (e.g.,
5

carbon dioxide and oxygen), and nutrients (e.g., nitrogen and phosphorus) to pass into
the interior space 26 of the container 12, but prevents entry of contaminants and other
unwanted components of the growth media into the space.
The parameters of the membrane filter 28, such as material, thickness, porosity,
and permeability, can influence how the system functions and its selection is influenced

10

by the overall goals of the system operation. Polymeric materials with a backing or cloth
textile material having a pore size in the range of approximately 0.01 to 0.2 µm (20 to
350 kDa) may be preferable because they are durable and effective in precluding entry
of potential biological contaminants. However, other membrane filter types could be
utilized for projects with goals different than optimizing biomass productivity or culture

15

protection. For example, if predation is less of a concern than the capital cost of the
porous membrane filter photobioreactor infrastructure, a membrane filter with a pore
size of 1 µm or greater could be used to reduce costs. However, with large pore sizes,
seed culture may escape and predatory organisms may invade until a biological coating
layer (biofilm) forms on the membrane filter surface. The membrane filter parameters

20

may also influence constituent transport, which in turn affect overall productivity and/or
algae metabolism. For example, if a project goal is to induce lipid production by
restricting nitrogen, smaller membrane filter pores may be employed to retard the
diffusion of nitrogen species across the membrane filter surface. In some embodiments,
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it is preferable that the pores of the membrane filter 28 are less than approximately 1
µm in size. By way of example, the pores can be in the range of approximately 0.01 to
0.2 µm (~20 to 350 kDa). In some cases, the membrane filter 28 can comprise an
ultrafiltration membrane filter that forms part of a removable membrane filter cartridge
5

that seals to the bottom panel 16 of the container 12.
With further reference to Figs. 1 and 2, the container 12 also comprises a gas
vent 30 that can be used to release photosynthetic gas generated within the container
12. As illustrated in this figure, the gas vent 30 can be provided in one of the end or side
panels 18-24 (panel 18 in Figs. 1 and 2) near a top end of the panel or in the top panel

10

14 so as to be located above a water line within the container and in fluid
communication with a headspace of the container. As gas builds up within the container
12 due to photosynthetic gas (e.g., oxygen) production that occurs during algae
cultivation, the gas can be vented from the container 12. In some embodiments, this gas
can be used to control the position and/or orientation of the container 12 within a pool of

15

liquid, such as liquid growth media. In other embodiments, the gas can be collected and
used for other purposes. For example, photosynthetic oxygen may be used in other
aerobic processes (e.g., wastewater treatment, aquaculture). As described below, one
or more gas control valves can be used to direct the gas for one or more particular end
uses.

20

The container 12 can further include an algae extraction port 32 that can be
opened to facilitate removal of the algae that has been cultivated within the container.
This algae can be pumped out of the container 12 through the extraction port 32 to
harvest the algae.
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With further reference to Figs. 1 and 2, the photobioreactor 10 also includes one
or more inflatable floats 34 that can be used to control the position and/or orientation of
the photobioreactor 10 within a pool of liquid for purposes of dewatering and/or
harvesting of the algae that has been cultivated within the photobioreactor. In the
5

illustrated embodiment, these floats 34 comprise elongated cylindrical elements that are
attached to the lower portions of the photobioreactor 10. In particular, the float elements
are mounted to the bottom panel 16 and the side panels 22, 24 near bottom (side)
corners of the container 12. While a particular configuration and mounting scheme has
been described and illustrated, it will be appreciated that other configurations and

10

mounting schemes can be used and provide the same functionality. As noted above,
the floats 34 can be inflated using gas generated by the algae cultivation process.
Alternatively, the floats 34 can be inflated using another gas source. In some
embodiments, the float elements comprise flexible bags that can be inflated by a
relatively low-pressure gas flow.

15

Figs. 3A and 3B illustrate an example of operation of the photobioreactor 10. In
this example, the inflatable floats 34 are used to dewater the algae that has been
cultivated within the photobioreactor. As shown in these figures, the photobioreactor
container 12 is partially immersed in a water-based growth media 36, which may
comprise wastewater. As an example, growth media can be contained in an outdoor,

20

open-topped basin, such as a growth media reactor, or a wastewater plant reactor or
clarifier. Fig. 4 illustrates an example of an outdoor, open-topped growth media reactor
38 that contains growth media 36. One or more containers 12 can be positioned within
the reactor 38 such that the top panels 14 of the containers are positioned above the
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surface of the growth media 36 while the other panels are completely or at least partially
immersed in the media. The depth at which the containers 12 are immersed can vary
the volume of algae culture that is produced. The containers 12 can either float within
the growth media 36 using the floats 34 (e.g., with the floats in a partially inflated state)
5

and/or can be tethered to walls 40 of the reactor 38 with tethers (not shown). When the
containers 12 are correctly positioned within the reactor 38, the growth media 36 within
the reactor can pass through the porous membrane filters 28 of the containers 12 and
enter their interior spaces 26. Prior to immersion in the growth media 36, the
photobioreactor containers 12 can be seeded with algal cells of the target algae species

10

that is to be cultivated. When the containers 12 are exposed to light, particularly
sunlight, the algae will then grow within the containers.
In an initial state shown in Fig. 3A, in which algae is beginning to grow, water fills
the container to a point at which the surface 42 of the water within the container 12 is
generally equal to the surface 44 of the growth media 36 in which the container is

15

immersed. As the algae grows, photosynthetic gas, such as oxygen, is generated by
growth of the algae and rises to a headspace 45 within the container 12 above the
surface 42 of the water within the container. This gas can flow out of the gas vent 30
and through a gas line 46 that extends to the inflatable floats 34 such that the gas can
inflate (or further inflate) the floats.

20

As depicted in Fig. 3B, as the floats 34 fill (or further fill) with gas, the container
12 is raised in height relative to the growth media 36. As the container 12 rises, water
within the container exits the container to equalize the water level within the container
with that of the growth media 36. As a consequence of this equalization, the algae
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within the container 12 is concentrated (i.e., dewatered) at the bottom of the container.
This algae may be in the form of an algal slurry that can be removed from the container
12 during harvesting, for example, via the algae extraction port 32.
In some embodiments, this above-described process can be self-sustaining.
5

Specifically, as a greater and greater amount of algae is produced, a greater and
greater amount of gas is produced and, therefore, the higher and higher the container is
raised. Accordingly, as a mass of algae is produced that is suitable for harvesting, the
algae is automatically concentrated such that the algae, when harvested, has been
significantly dewatered, thereby reducing the costs normally associated with producing

10

a crop of algae.
Alternatively or additionally, inflation of the floats 34 can be achieved using
another source of gas. For example, a gas source 48, such as a source of pressurized
air or a gas compressor or pump, can be used to selectively inflate the floats 34 when
desired. In order to enable alternate inflation of the floats 34 using the photosynthetic

15

gases and gas from the separate gas source 48, the photobioreactor 10 can further
include gas control valves 50 and 52 that can be used to control which source is used
for inflation. For example, if the floats 34 are to be inflated using the photosynthetic gas,
the valve 50 can be opened and the valve 52 can be closed. If the floats 34 are instead
to be inflated using the separate gas source 48, the valve 50 can be closed and the

20

valve 52 can be opened. These valves 50, 52 can be manually actuated or electrically
actuated. In the latter case, the valves 50, 52 can comprise, for example, solenoid
valves.
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The valves 50, 52 can, in some embodiments, be automatically opened or closed
at appropriate times. For example, valves 50, 52 can be actuated by a controller 54,
such as a computer or microprocessor-based controller, in response to a signal
received by a sensor 56 that is configured to sense a parameter indicative of the algae
5

reaching a state at which dewatering should be performed. By way of example, the
sensor 56 can comprise an optical sensor, a density sensor, a pressure sensor, a
temperature sensor, a chlorophyll sensor, a nutrient/ion sensor, a dissolved gas sensor,
a turbidity sensor, or combinations thereof. In other embodiments, the sensor 56 can be
located in the headspace of the photobioreactor and comprise a pressure sensor and or

10

a temperature sensor.
In some embodiments, the photobioreactor 10 can further include a gas release
valve 58 provided along the gas line 46 that, when opened, can release gas that has
inflated the floats 34 for purposes of periodically clearing the membrane filter 28 without
the need to remove the container 12 from the growth media 36. Specifically, if the

15

photobioreactor 10 has been raised up by the floats 34, the gas release valve 58 can be
suddenly opened to enable the gas in the floats to escape, which results in the
container 12 sinking and water flowing through the porous membrane filter 28 and back
into the interior space 26. This water flow may clear algae from the inside surface of the
membrane filter 28 that would otherwise clog the membrane filter and inhibit the

20

passage of water, nutrients, and gas into the container 12.
In addition to facilitating dewatering, floats of the type described above can also
be used to facilitate harvesting. Figs. 5A and 5B illustrate an example of this. In
particular, these figures illustrate a photobioreactor 60 that includes many of the
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features of the photobioreactor 10 shown in Figs. 1 and 2. The photobioreactor 60 is
also configured as a generally rectangular container 62 that includes multiple generally
planar wall panels, including a top panel 64, a bottom panel 66, a first end panel 68, a
second end panel (not visible), a first side panel 70, and a second side panel 72. Like
5

the container 12, the container 62 forms a box that defines an interior space 74, which
can, for example, have a volume of approximately 0.1 to 30 m3.
The container 62 can be transparent, or at least translucent, in which case the
panels are made of a material that enables light, particularly sunlight, to easily pass
through the panels. In some embodiments, the panels are made of a clear polymeric

10

material, such as an acrylic material. Each of the panels can be sealed along their
shared edges to prevent ingress or egress of fluids. As with the container 12, one or
more of the panels, such as the top panel 64, can be opened or removed from the
container 62 to facilitate seeding of the container and harvesting of algae from the
container. In addition, however, the container 62 includes an algae extraction port 76

15

that can be opened to facilitate removal of the algae that has been cultivated within the
container 62. This algae can be pumped out of the container 62 through the extraction
port 76. In the illustrated embodiment, the container 62 does not include a porous
membrane filter such that the container is completely sealed and liquid cannot enter or
exit the container once it has been closed. It is noted, however, that in other

20

embodiments, such a filter can be provided, if desired.
Like the photobioreactor 10, the photobioreactor 60 comprises a gas vent 78 that
can be used to vent gas generated within the container 62. This gas can be used to tilt
the container 12 to facilitate algae harvesting. In particular, the gas can be used to
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inflate one or more inflatable floats 80 that are provided on only one side of the
container 62. As shown in Figs. 5A and 5B, the floats 80 can be mounted to the bottom
panel 66 and the side panels 70, 72 near a bottom (side) corner of the container 62.
As shown in Figs. 5A and 5B, the photobioreactor container 12 is partially
5

immersed in a liquid 82, such as water. In an initial state shown in Fig. 5A, algae is
beginning to grow and the container 62 is generally level with the horizontal plane.
Although the level of the growth media 83 inside the container 62 is shown as being
equal with the surface 84 of the liquid 82 in which the container is immersed, it is noted
that it need not be so. As the algae continues to grow within the container 62,

10

photosynthetic gas, such as oxygen, is generated and rises to a headspace 85 within
the container 62. This gas can flow out of the gas vent 78 and through a gas line 86 that
extends to the inflatable floats 80 such that the gas can inflate the floats.
Referring to Fig. 5B, as the floats 80 fill with this gas, the container 62 is tipped or
tilted to accumulate algae near the algae evacuation port 76. Accordingly, the algae can

15

be more easily removed from the container 62. As above, this process can be selfregulating. Specifically, as a greater and greater amount of algae is produced, a greater
and greater amount of gas is produced and, therefore, the more and more the container
is tilted. Accordingly, as a mass of algae is produced that is suitable for harvesting, the
algae is automatically shifted toward the algae extraction port 76.

20

As before, the inflation of the floats 80 can be achieved using another source of
gas. For example, a gas source 88, such as a source of pressurized air, can be used to
selectively inflate the floats 80 when desired. In order to enable inflation of the floats 80
alternately using the photosynthetic gases and gas from the separate gas source 88,
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the photobioreactor 60 can further include gas control valves 90 and 92 that can be
used to control which source is used for inflation. For example, if the floats 80 are to be
inflated using the photosynthetic gas, the valve 90 can be opened and the valve 92 can
be closed. If the floats 80 are instead to be inflated using the separate gas source 88,
5

the valve 90 can be closed and the valve 92 can be opened. These valves 90, 92 can
be manually actuated or electrically actuated. In the latter case, the valves 90, 92 can
comprise, for example, solenoid valves.
The valves 90, 92 can, in some embodiments, be automatically opened or closed
at appropriate times. For example, valves 90, 92 can be actuated by a controller 94,

10

such as a computer or microprocessor-based controller, in response to a signal
received by a sensor 96 that is configured to sense a parameter indicative of the algae
reaching a state at which dewatering should be performed. By way of example, the
sensor 96 can comprise an optical sensor, a density sensor, or a turbidity sensor.
In addition to removing algae via the algae extraction port 76, algae can be

15

removed by opening one of the panels (e.g., the top panel 64) to access the interior
space of the container 62. For example, a skimmer could be used to remove floating
algae. In other embodiments, the photobioreactor 60 can be configured to facilitate
extraction of algae from the surface of the liquid within the photobioreactor without
opening the photobioreactor. As shown in Figs. 5A and 5B, the container 62 can further

20

include a supplemental algae extraction port 98 positioned near the top of the container
that can be used for this purpose. As indicated in Fig. 5B, when the container 62 is tilted
to an appropriate degree, the surface 100 of the liquid within the container will be level
with the port 98 so as to enable a precise volume of algae to pour from the container.
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An internal skimmer (not shown) may also be employed to drive the algae to the port
98. In some embodiments, multiple ports positioned at different heights along the
container 62 can be used to collect algae of different densities due to age, oil content,
size, diurnal differences in cell structure/size, or other phylogenetic differences. For
5

example, some species (or cells of the same species under different metabolic stages)
may be carried to the surface 100 whereas others would settle to the bottom of the
container 62. Utilizing these buoyancy differences enable the selective harvest of algae
with specific traits. Selective placement of the extraction ports can be used to prevent
washout of immature cells and/or encourage harvest of only species with certain

10

characteristics.
In some embodiments, venting of gas from the container 62 can be controlled to
enable selective rupturing of algal cells. For example, the gas control valve 90 can be
closed to build pressure within the headspace 85 of the container. Because the
container 62 is closed, this pressure would pressurize the algal cells within the

15

container. If the gas control valve 90 is suddenly opened and the gas is permitted to
escape, the concomitant pressure drop within the container 62 may cause algal cells to
rupture, causing oil to be released that floats to the surface 100 of the growth media 83
within the container. This oil can then be extracted using the algae extraction port 98.
Notably, temperature may also induce such rupture as the temperature and pressure

20

within the container 62 may increase during daytime hours and decrease during
nighttime hours.
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CLAIMS
Claimed are:
1.

An algae cultivation system comprising:

a basin that contains a liquid; and
a photobioreactor at least partially immersed in the liquid of the basin, the
photobioreactor comprising a closed container including multiple panels that together
define an interior space in which algae can be cultivated, at least one of the panels
being transparent, the photobioreactor further comprising an inflatable float associated
with the container that can be filled with a gas to change one or both of the position and
orientation of the container within the liquid.

2.

The system of claim 1, wherein the basin is an outdoor, open-top growth

media reactor.

3.

The system of claim 1, wherein the container comprises multiple

transparent panels.

4.

The system of claim 1, wherein the inflatable float comprises an inflatable

5.

The system of claim 1, wherein the photobioreactor comprises multiple

bag.

inflatable floats that are mounted to opposite sides of the container and that, when
inflated, raise the height of the container in the liquid.
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6.

The system of claim 5, wherein the photobioreactor further comprises a

porous membrane filter that enables water, gases, and nutrients contained within the
liquid of the basin to pass into the interior space of the container but prevents
contaminants contained within the liquid from passing into the interior space and
wherein raising of the height of the container enables water to exit the container through
the filter to dewater the algae.

7.

The system of claim 1, wherein the inflatable float is mounted to one side

of the container and, when inflated, tilts the container in the liquid.

8.

The system of claim 1, wherein the container further comprises a gas vent

through which photosynthetic gas produced by algae growth within the container can
escape the container and a gas line that connects the gas vent to the inflatable float
such that gas that escapes the container travels through the gas line and inflates the
inflatable float.

9.

The system of claim 1, wherein the photobioreactor further comprises an

algae extraction port through which algae can be removed from a bottom of the
container.
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10.

A photobioreactor adapted for immersion in a liquid contained within a

basin, the photobioreactor comprising:
a closed container including multiple panels that together define an interior space
in which algae can be cultivated, at least one of the panels being transparent;
an inflatable float mounted to the container that can be filled with a gas to change
one or both of the position and orientation of the container within the liquid;
a gas vent incorporated into the container that enables gas produced by algae
growth within the container to escape; and
a gas line that connects the gas vent to the inflatable float such that gas that
escapes the container inflates the inflatable float.

11.

The photobioreactor of claim 10, wherein the photobioreactor comprises

multiple transparent panels.

12.

The photobioreactor of claim 10, wherein the inflatable float comprises an

inflatable bag.

13.

The photobioreactor of claim 10, wherein the photobioreactor comprises

multiple inflatable floats that are mounted to opposite sides of the container and that,
when inflated, raise the height of the container in the liquid.
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14.

The photobioreactor of claim 13, wherein the photobioreactor further

comprises a porous membrane filter that enables water, gases, and nutrients contained
within the liquid of the basin to pass into the interior space of the container but prevents
contaminants contained within the liquid from passing into the interior space and
wherein raising of the height of the container enables water to exit the container through
the filter to dewater the algae.

15.

The photobioreactor of claim 10, wherein the inflatable float is mounted to

one side of the container and, when inflated, tilts the container in the liquid.

16.

The photobioreactor of claim 10, wherein the container further comprises

a gas vent through which photosynthetic gas produced by algae growth within the
container can escape the container and a gas line that connects the gas vent to the
inflatable float such that gas that escapes the container travels through the gas line and
inflates the inflatable float.

17.

The photobioreactor of claim 1, wherein the photobioreactor further

comprises an algae extraction port through which algae can be removed from a bottom
of the container.
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18.

A method for cultivating algae in a photobioreactor, the method

comprising:
seeding the photobioreactor with an algal culture;
immersing the photobioreactor within liquid contained in a basin;
exposing the photobioreactor to sunlight to enable algae to grow within the
photobioreactor through photosynthesis;
enabling gas generated from the photosynthesis to escape from the
photobioreactor; and
delivering the gas to one or more inflatable floats mounted to the photobioreactor
to inflate the floats and change one or both of the position and orientation of the
container within the liquid.

19.

The method of claim 18, wherein delivering the gas comprises delivering

gas to inflatable floats on opposite sides of the photobioreactor so as to raise the height
of the photobioreactor in the liquid and enable water to exit the photobioreactor to
dewater algae cultivated within the bioreactor.

20.

The method of claim 18, wherein delivering the gas comprises delivering

gas to inflatable floats on only one side of the photobioreactor so as to tilt the
photobioreactor in the liquid and cause algae to accumulate in a lowered corner of the
photobioreactor near an algae extraction port of the photobioreactor.
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ABSTRACT
In one embodiment, an algae cultivation system includes a basin that contains a
liquid and a photobioreactor at least partially immersed in the liquid of the basin, the
photobioreactor comprising a closed container including multiple panels that together
define an interior space in which algae can be cultivated, at least one of the panels
being transparent, the photobioreactor further comprising an inflatable float associated
with the container that can be filled with a gas to change one or both of the position and
orientation of the container within the liquid.
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Figure A2.1: Figures 1, 2, and 3 submitted for Patent #292105-1050
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Figure A2.2: Figures 4 and 5 submitted for Patent #292105-1050
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Figure A2.3: Figures 6, 7, and 8 submitted for Patent #292105-1050

209

Figure A2.4: Figures 9 and 10 submitted for Patent #292105-1050
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Figure A2.5: Figures 11 and 12 submitted for Patent #292105-1050

211

A3 Systems and Methods for Cultivating and Dewatering Algae

192

Attorney Docket No.: 292105-1010
SYSTEMS AND METHODS FOR
CULTIVATING AND DEWATERING ALGAE
Notice of Government-Sponsored Research
5

This invention was made with Government support under Grant Number
1236746, awarded by the National Science Foundation. The Government has certain
rights in the invention.

Cross-Reference to Related Application
10

This application claims priority to co-pending U.S. Provisional Application Serial
Number 62/255,044, filed November 13, 2015, which is hereby incorporated by
reference herein in its entirety.

Background
15

Algae are increasingly recognized as a renewable source of biofuel, but also
have many other commercially valuable applications, such as pharmaceuticals,
animal/fish feed, and fertilizers. However, there remain many problems in the largescale production of algae, which hinder their economic competitiveness with other
biofuel crops.

20

Algae are typically small in size (2-30 µm) and are cultivated in relatively dilute
concentrations (generally less than 0.5 g dry biomass L-1), which makes harvesting and
dewatering algal cultures particularly problematic and expensive. External inputs, such
as nutrients, freshwater, and gases, also add a substantial environmental and economic
burden. Wastewater, on the other hand, is a free source of nutrients, water, and carbon
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dioxide and, if utilized in algae production, could improve the economics and
environmental footprint of large-scale algae production. However, utilizing wastewater
may increase the chances of introducing predators, grazers, and invasive species to an
algal culture, which can lead to algal culture collapse. As a case in point, open raceway
5

ponds are easily contaminated by environmental contaminants (e.g., bacteria, fungi,
and rotifers). Although synthetic growth media can be sterilized before it is added to a
closed algal culture, this can add substantial cost to production.
From the above discussion, it can be appreciated that it would be desirable to
have an alternative system and method with which algae can be cultivated, harvested,

10

and dewatered.

Brief Description of the Drawings
The present disclosure may be better understood with reference to the following
figures. Matching reference numerals designate corresponding parts throughout the
15

figures, which are not necessarily drawn to scale.
Fig. 1 is a perspective view of a first embodiment of a photobioreactor configured
to enable controlled dewatering of algae cultivated within the photobioreactor.
Fig. 2 is a perspective view of a second embodiment of a photobioreactor
configured

20

to

enable

controlled

dewatering

of

algae

cultivated

within

the

photobioreactor.
Fig. 3 is a perspective view of a third embodiment of a photobioreactor
configured

to

enable

controlled

dewatering

photobioreactor.
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Fig. 4 is a perspective view of an algae cultivation system that includes multiple
photobioreactors.
Figs. 5A and 5B are end views of a photobioreactor illustrating controlled
dewatering of algae within the photobioreactor.
5

Fig. 6 is an end view of a photobioreactor including a pump that can be used to
pressurize or depressurize the headspace of the photobioreactor.

Detailed Description
As described above, it would be desirable to have an alternative system and
10

method with which algae can be cultivated, harvested, and dewatered. Examples of
such systems and methods are disclosed herein. In some embodiments, the systems
and methods include a photobioreactor that comprises a porous membrane filter that
enables the passive transport of constituents (i.e., nutrients and gases) from a larger
nutrient

15

pool

while

still

maintaining

a

physical

barrier

for

potential

competitors/predators/grazers or contaminants, such as endemic wastewater species,
airborne pathogens, or bacteria/protozoans/metazoans, contained in the growth media.
Separating the culture from the growth media precludes the need to sterilize the media,
which saves energy and cost. In addition, the photobioreactor comprises a gas control
valve that can be opened to vent gases generated during the cultivation of the algae

20

from the photobioreactor and closed to contain the gases within the photobioreactor.
When the gas control valve is closed, the gases collect in the headspace of the
photobioreactor and force water out of the photobioreactor through the porous
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membrane filter so as to dewater the algae, thereby reducing energy and cost normally
associated with algae production.
In the following disclosure, various specific embodiments are described. It is to
be understood that those embodiments are example implementations of the disclosed
5

inventions and that alternative embodiments are possible. All such embodiments are
intended to fall within the scope of this disclosure.
This disclosure addresses issues of cultivation, harvesting, dewatering, and
predator/grazer invasion in the production of algae. The disclosed systems and
methods can be used with various types of growth media. The nutrients and carbon

10

dioxide in the growth media, such as wastewater, can be used as a feedstock for algae
production. In some embodiments, the disclosed systems employ porous membrane
filters that enable such nutrients and carbon dioxide to reach the algae culture but
restrict the passage of predators, grazers, and invasive species. The systems and
methods, therefore, preclude the need to sterilize growth media prior to feeding it to the

15

algal culture, thereby reducing costs. The porous membrane filter also prevents culture
washout and retains the algal cells while still exposing them to fresh nutrients, which
encourages higher cell density and eases harvesting and dewatering.
During photosynthesis, algae consume either dissolved carbon dioxide (an
autotrophic reaction), dissolved organic carbon (a heterotrophic reaction), or a

20

combination thereof (a mixotrophic reaction), and produce oxygen as a byproduct.
Because oxygen has a lower water solubility than either carbon dioxide or dissolved
organic carbon, it partitions readily into the gas phase. If such photosynthesis occurs in
a photobioreactor in which gas-phase oxygen is not allowed to escape into the
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atmosphere (such as a closed bioreactor), then the accumulated oxygen in the
headspace will generate a pressure in the headspace of the photobioreactor.
In addition to a porous membrane filter, the systems and methods comprise gas
control valves that enable selective control over the photosynthetic gases, such as
5

oxygen, that are produced as a byproduct of algae growth. More particularly, these
gases can be selectively released or retained, as desired. When these gases are
retained within the photobioreactor, the pressure increases within the cultivation space
and water is evacuated through the porous membrane filter, thereby passively
dewatering the algae prior to harvesting. This passive dewatering reduces downstream

10

processing steps normally required in algae production and therefore improves the
economic competitiveness of the entire process.
Fig. 1 illustrates an embodiment of a photobioreactor 10 that can be incorporated
into an existing or future algae cultivation system, stormwater pond, waste stabilization
lagoon, wastewater reactor (e.g., aeration basin or settling clarifier), or other wastewater

15

structure or waterway. As shown in Fig. 1, the photobioreactor 10 is configured as a
generally rectangular container 12 that includes multiple generally planar wall panels. In
the example of Fig. 1, these panels include a top panel 14, a bottom panel 16, a first
end panel 18, a second end panel 20, a first side panel 22, and a second side panel 24.
Each of these panels 14-24 can be generally perpendicular to each other to form an

20

orthogonal rectangular box that defines an interior space 26. While an orthogonal
rectangular box has been described and illustrated, it is noted that substantially any
shape could be used, including three-dimensional polygons, cylinders, or hexagons.
The particular shape that is used is not critical and may be influenced by various
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factors, such as the nature of the structure in which the photobioreactor 10 is to be
used.
The size of the container 12 can be selected to suit the particular application in
which it will be used. In some embodiments, however, the container 12 can have a
5

length of approximately 1 to 10 m, a width of approximately 1 to 3 m, and a height of
approximately 0.1 to 1 m, and the interior space 24 can have a volume of approximately
0.1 to 30 m3. The container 12 can be transparent, or at least translucent, in which case
the panels 14-24 can be made of a material that enables light, particularly sunlight, to
easily pass through the panels. In some embodiments, the panels 14-24 are made of a

10

clear polymeric material, such as an acrylic or polycarbonate material. Each of the
panels 14-24 can be sealed along their shared edges to prevent ingress or egress of
fluids. In some embodiments, one or more of the panels 14-24, such as the top panel
14, can be opened or removed from the container 12 to facilitate seeding of the
container 12 and/or harvesting of algae from the container.

15

As can be appreciated from the above discussion, the container 12 includes a
porous membrane filter 28. In the embodiment of Fig. 1, this porous membrane filter 28
is incorporated into the bottom panel 16. In particular, the bottom panel 16 comprises an
opening that the porous membrane filter 28 covers. This membrane filter 28 enables
water, gases (e.g., carbon dioxide and oxygen), and nutrients (e.g., nitrogen and

20

phosphorus) to pass into the interior space 26 of the container 12, but prevents entry of
contaminants and other unwanted components of the growth media into the space.
The parameters of the membrane filter 28, such as material, thickness, porosity,
and permeability, can influence how the system functions and its selection is influenced
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by the overall goals of the system operation. Polymeric materials with a backing or cloth
textile material having a pore size in the range of approximately 0.01 to 0.2 µm (20 to
350 kDa) may be preferable because they are durable and effective in precluding entry
of potential biological contaminants. However, other membrane filter types could be
5

utilized for projects with goals different than optimizing biomass productivity or culture
protection. For example, if predation is less of a concern than the capital cost of the
porous membrane filter photobioreactor infrastructure, a membrane filter with a pore
size of 1 µm or greater could be used to reduce costs. However, with large pore sizes,
seed culture may escape and predatory organisms may invade until a biological coating

10

layer (biofilm) forms on the membrane filter surface. The membrane filter parameters
may also influence constituent transport, which in turn affect overall productivity and/or
algae metabolism. For example, if a project goal is to induce lipid production by
restricting nitrogen, smaller membrane filter pores may be employed to retard the
diffusion of nitrogen species across the membrane filter surface. In some embodiments,

15

it is preferable that the pores of the membrane filter 28 are less than approximately 1
µm in size. By way of example, the pores can be in the range of approximately 0.01 to
0.2 µm (~20 to 350 kDa). In some cases, the membrane filter 28 can comprise an
ultrafiltration membrane filter that forms part of a removable membrane filter cartridge
that seals to bottom panel 16 of the container 12.

20

With further reference to Fig. 1, the photobioreactor 10 also comprises a gas
control valve 30 that can be used to selectively release or retain gas generated within
the container 12. As illustrated in this figure, the gas control valve 30 can be provided in
one of the end or side panels 18-24 (panel 18 in Fig. 1) near a top end of the panel or in
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the top panel 14 so as to be located above a water line within the container and in fluid
communication with a headspace of the container. As gas builds up within the container
12 due to photosynthetic gas production that occurs during algae cultivation, the gas
can be vented from the container 12 when the gas control valve 30 is open and can be
5

retained within the container when the gas control valve is closed. When the gas is
retained within in the container 12, it collects in the headspace and increases in
pressure. As the pressure increases, the gas displaces water from the container 12
through the porous membrane filter 28 so as to concentrate and dewater the algal
culture. In some embodiments, the gas control valve 30 can be closed when the time for

10

harvesting is approaching, for example, when the algae is nearing a desired density,
age, or other relevant parameter. In other embodiments, the gas control valve 30 can be
closed in the event that gas production (and therefore culture dewatering) is outpacing
culture growth.
Irrespective of when the gas control valve 30 is closed, it can either be manually

15

or electronically actuated. In the latter case, the gas control valve 30 can be a solenoid
valve that opens or closes in response to an electrical signal delivered to a solenoid of
the valve. When the gas control valve 30 is an electronically controlled valve, opening
and closing of the valve can be automated. For example, a controller, such as a
computer or other device having adequate computing power (e.g., microprocessor-

20

based controller), can be programmed to automatically open and/or close the gas
control valve 30 in response to certain detected conditions, such as the passage of a
particular period of time or the sensing of a particular parameter of the algae that is
indicative of it being time for dewatering.
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In addition to controlling the release and retention of gas, the gas control valve
30 can also be used as a means for collecting gas to put to it use for other purposes,
such as aeration in other processes or floatation of the photobioreactor.
Fig. 2 illustrates a further embodiment of a photobioreactor 40 that includes many
5

of the features of the photobioreactor 10 shown in Fig. 1. The photobioreactor 40 is also
configured as a generally rectangular container 42 that includes multiple generally
planar wall panels, including a top panel 44, a bottom panel 46, a first end panel 48, a
second end panel 50, a first side panel 52, and a second side panel 54. While the
panels 44 and 48-54 can be generally perpendicular to each other as in the previous

10

embodiment, the bottom panel 46 is tilted or slanted so as to form an angle α of
declination with the horizontal plane that encourages collection of algae, via gravity, in a
lowermost corner of the container 12 to facilitate harvesting. In some embodiments, the
angle α is approximately 5 to 20 degrees. Like the container 12, the container 42 forms
a box that defines an interior space 56, which can, for example, have a volume of

15

approximately 0.1 to 30 m3.
The container 42 can be transparent, or at least translucent, in which case the
panels 44-54 are made of a material that enables light, particularly sunlight, to easily
pass through the panels. In some embodiments, the panels 44-54 are made of a clear
polymeric material, such as an acrylic material. Each of the panels 44-56 can be sealed

20

along their shared edges to prevent ingress or egress of fluids. As with the container 12,
one or more of the panels 44-54, such as the top panel 44, can be opened or removed
from the container 42 to facilitate seeding of the container 42 and harvesting of algae
from the container. In addition, however, the container 42 includes an algae extraction
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port 58 provided near the lowermost corner of the container (i.e., where the algae
collects) that can be opened to facilitate removal of the algae that has been cultivated
within the container 42. This algae can be pumped out of the container 42 through the
extraction port 58. In some embodiments, the pressure of the gas that has been
5

generated within the container 42 can at least assist in the evacuation of the algae from
the container.
The container 42 also includes a porous membrane filter 60 that is incorporated
into the bottom panel 46. In some embodiments, it is preferable that the pores of the
membrane filter 60 are less than approximately 1 µm in size. By way of example, the

10

pores can be in the range of approximately 0.01 to 0.2 µm (~20 to 350 kDa). In some
cases, the membrane filter 60 can comprise an ultrafiltration membrane filter that forms
part of a removable membrane filter cartridge that seals to bottom panel 46 of the
container 42.
Like the photobioreactor 10, the photobioreactor 40 comprises a gas control

15

valve 62 that can be used to selectively release or retain gas generated within the
container 42. The gas control valve 62 can be provided in one of the end or side panels
48-54 (panel 48 in Fig. 2) near a top end of the panel or in the top panel 44 so as to be
located above a water line within the container and in fluid communication with a
headspace of the container. The gas control valve 62 can be manually or electronically

20

actuated and, in the latter case, opening and closing of the valve can be automated, for
example, using a suitable controller.
Fig. 3 illustrates another embodiment of a photobioreactor 70 that includes
features of both the photobioreactor 10 shown in Fig. 1 and the photobioreactor 40
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shown in Fig. 2. The photobioreactor 70 is also configured as a generally rectangular
container 72 that includes multiple generally planar wall panels, including a top panel
74, a first end panel 76, a second end panel 78, a first side panel 80, and a second side
panel 82 that are generally perpendicular to each other. In this embodiment, however,
5

the bottom of the container 72 comprises two tilted or slanted bottom panels 84 and 86
that together define a V-shaped trough in which cultivated algae can settle. By way of
example, each of the bottom panels 84, 86 forms an angle β of declination with the
horizontal plane that ranges from approximately 5 to 20 degrees. Like the container 12,
the container 72 forms a box that defines an interior space 88, which can, for example,

10

have a volume of approximately 0.1 to 30 m3.
The container 72 can be transparent, or at least translucent, in which case the
panels 74-86 is made of a material that enables light, particularly sunlight, to easily pass
through the panels. In some embodiments, the panels 74-86 are made of a clear
polymeric material, such as an acrylic material. Each of the panels 74-86 can be sealed

15

along their shared edges to prevent ingress or egress of fluids. As with the container 12,
one or more of the panels 74-86, such as the top panel 74, can be opened or removed
from the container 72 to facilitate seeding of the container and harvesting of algae from
the container. In addition, the container 72 includes an algae extraction port 90 located
near the bottom of the trough that can be opened to facilitate removal of the algae that

20

has been cultivated within the container 72. This algae can be pumped out of the
container 72 through the extraction port 90 and, in some embodiments, the pressure of
the gas that has been generated within the container 72 can at least assist in the
evacuation of the algae from the container.
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The container 72 also includes porous membrane filters 92 and 94 incorporated
into the bottom panels 84 and 86, respectively. In some embodiments, it is preferable
that the pores of the membrane filters 92, 94 are less than approximately 1 µm in size.
By way of example, the pores can be in the range of approximately 0.01 to 0.2 µm (~20
5

to 350 kDa). In some cases, the membrane filters 92, 94 can comprise ultrafiltration
membrane filters that form part of a removable membrane filter cartridge that seals to
the bottom panels 84, 86.
The photobioreactor 70 further comprises a gas control valve 96 that can be
used to selectively release or retain gas generated within the container 72. The gas

10

control valve 96 can be provided in one of the end or side panels 76-82 (panel 76 in Fig.
3) near a top end of the panel or in the top panel 74 so as to be located above a water
line within the container and in fluid communication with a headspace of the container.
The gas control valve 96 can be manually or electronically actuated and, in the latter
case, opening and closing of the valve can be automated, for example, using a suitable

15

controller.
Porous membrane filter photobioreactors of the types shown in Figs. 1-3 can be
deployed in a growth media reactor to form an algae cultivation system 100, as shown
in Fig. 4. In particular, one or more photobioreactor containers 102 can be placed within
an outdoor, open-topped growth media reactor 104 that contains growth media, such as

20

wastewater. The containers 102 can be positioned within the reactor 104 such that the
top panels of the containers are positioned above the surface of the growth media while
the other panels are completely or nearly completely immersed in the media. The depth
at which the containers 12 are immersed can vary with the volume of algae culture that
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is produced. The containers 12 can either float within the growth media using floats (not
shown) connected to the containers, and/or can be tethered to the walls of the reactor
104 with tethers (not shown). When the containers 102 are correctly positioned within
the reactor 104, the growth media within the reactor can pass through the porous
5

membrane filters of the containers 102 and enter their interior spaces. Prior to
immersion in the growth media 32, the photobioreactor containers 12 can be seeded
with algal cells of the target algae species that is to be cultivated. When the containers
12 are exposed to light, particularly sunlight, the algae will then grow within the
containers.

10

In some embodiments, the porous membrane filter photobioreactor containers
102 can be manually or automatically extracted from the reactor 104 for harvesting. In
such a case, one of the container panels (e.g., the top panel) can be removed to access
the container’s interior space and the algal culture will settle at the bottom of the
container 102. Residual water can be drained through the membrane filters and any

15

remaining water can be poured out of the containers and, if desired, retained for later
seeding purposes. The algal culture can then be scraped from the membrane filters and
placed in an appropriate collection vessel. The outer surfaces of the container panels
can be cleaned and the interior spaces can be reseeded. Once reseeding has been
performed, the removed panels can be replaced and the containers 102 can be

20

returned to the reactor 104.
In cases in which the containers 102 comprise algae extraction ports, the algae
that has collected at the bottoms of the containers can be removed via the extraction
ports. As noted above, this extraction can be performed using a pump and the
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increased pressure resulting from gas generation within the container 102 may assist in
the extraction (or ejection) process. In some embodiments, each of multiple containers
102 can be connected in series or parallel to form a network, for example with pipes or
tubes, such that the interior spaces of each container are in fluid communication with
5

each other when the extraction ports are open. In such a case, algae can be extracted
from the interior spaces of multiple containers by connecting to a single one of the
containers.
As noted above, the gas control valve of a photobioreactor can be used to
selectively dewater the algae that has been cultivated in the photobioreactor prior to

10

harvesting. Figs. 5A and 5B illustrate such a process. As shown in these figures, a
photobioreactor 110 includes a container 112 comprising a porous membrane filter 114.
While the container 112 has a configuration similar to that shown in Fig. 1, this container
is merely exemplary. The container could, for example, have a configuration shown in
Figs. 2 or 3. The container 112 is partially immersed in a water-based growth media

15

116, which may comprise wastewater. Because of the presence of the porous
membrane filter 114, water can enter the container 112. In an initial state shown in Fig.
5A in which algae is beginning to grow, this water fills the container to a point at which
the surface 118 of the water within the container 112 is generally equal to the surface
120 of the growth media 116 in which the container is immersed. As the algae grows,

20

photosynthetic gas, such as oxygen, is generated by the growth of the algae and rises
to a headspace 122 within the container 112 above the surface 118 of the water within
the container 112. During this time, the gas control valve 124 can be left open to enable
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this gas to escape from the container 112. In some embodiments, this gas can be
collected and stored for later use.
Fig. 5B shows the photobioreactor later in the algae cultivation process. At this
point in the process, a substantial amount of algae has grown and this algae is nearly
5

ready for harvesting (e.g., nearing a desired density, age, or other relevant parameter).
Prior to performing this harvesting, it may be desirable to dewater the algae. To do this,
the gas control valve 124 is closed to retain the gas that is produced by the algae
growth. As this gas fills the headspace, it pressurizes the container 112 to the point at
which water is forced out of the container through the porous membrane filter 114. As

10

this happens, the surface 118 of the water within the container 112 drops with respect to
the container wall, (i.e., the container rises with respect to the growth medium surface
120) and the algae is concentrated (i.e., dewatered) at the bottom of the container. This
algae may be in the form of an algal slurry that can be pumped out of the container 112
during harvesting. Furthermore, the extent to which the container 112 rises with respect

15

to surface 120 can be used as an external indication (visual or measured) of the extent
of photosynthetic activity and consequent dewatering that has occurred.
As described above, the dewatering process can be automated. In particular,
when the gas control valve 124 can be electrically actuated, a suitable controller can
automatically open or close the control valve at the appropriate times. Figs. 5A and 5B

20

identify such a controller 126, which can comprise a computer or a microprocessorbased controller. In some embodiments, the controller 126 can be configured to close
the control valve 124 and initiate dewatering at a particular time after the
photobioreactor 110 has been seeded and immersed in the growth media 116. In other
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embodiments, the controller 126 can close the control valve 124 in response to a signal
received by a sensor 128 that is configured to sense a parameter indicative of the algae
reaching a state at which dewatering should be performed. By way of example, the
sensor 128 can comprise an optical sensor, a density sensor, a pressure sensor,
5

temperature sensor, a chlorophyll sensor, a nutrient/ion sensor, a dissolved gas sensor,
a turbidity sensor, or combinations thereof. In other embodiments, the sensor can
comprise a head-space temperature, pressure, or gas flow sensor that can be used to
monitor the rate or cumulative volume of gas exiting the container 112 through the open
gas control valve 124. Irrespective of the nature of the sensor or the parameter(s) it

10

senses, the controller 126 can monitor the parameters and, when a parameter is
reached that indicates that dewatering and harvesting should be performed, the
controller can send an electrical signal to the gas control valve 124 that causes it to
close.
It is also noted that the gas control valve 124 can be used to periodically clear

15

the membrane filter 114 without the need to remove the container 112 from the growth
media. Specifically, the gas control valve 124 can be closed to enable gas to collect
within the headspace 122 of the container 112 and force water out of the container.
Once an appropriate volume of water has been displaced, the gas control valve 124 can
be suddenly opened to enable water to flow back into the container 112 through the

20

porous membrane filter 114. This flow may clear algae from the inside surface of the
membrane filter 114 that would otherwise clog the filter and inhibit the passage of
nutrients and carbon dioxide into the container 112.
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As noted above, the gas produced within the container 112 can be collected for
other use. For example, photosynthetic oxygen may be used in other aerobic processes
(e.g., wastewater treatment, aquaculture). In addition or exception, the gas can be used
to inflate floats (not shown) mounted to the container 112, which can be used to control
5

the position of the container within the growth medium (taking advantage of passive
dewatering) or to elevate one side of the photobioreactor to encourage concentrated
settling.
While the gas control valve 124 can be simply opened or closed to regulate the
pressure of the gas within the headspace 122 of the container 112, alternatively or

10

additionally, this pressure can be regulated using a pump. Fig. 6 illustrates such an
embodiment. In this embodiment, a pump 130 can be used to deliver gas to or remove
gas from the headspace 122 via the gas control valve 124. When gas is removed from
the headspace 122 using the pump 130, the growth medium 116 can be drawn into the
container 112 through the membrane filter 114. This serves the functions of dislodging

15

accumulated algae from the filter surface and actively drawing in fresh growth
constituents (e.g., carbon dioxide and nutrients) into the photobioreactor 110 to
replenish depleted growth constituents at a rate higher than diffusion alone would
enable, thereby enabling algae to grow faster. When gas, such as air, is pumped into
the container 112, the gas will push water out of the photobioreactor 110 at a faster rate

20

than photosynthetic dewatering would alone. This approach offers additional control
over dewatering. In addition, it accelerates the rate of dewatering, increases the extent
of dewatering, enables precise control on dewatering event in terms of the timing
(onset, and duration) of the event, and provides a backup to photosynthetic dewatering.
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CLAIMS
Claimed are:
1.

An algae cultivation system comprising:

a growth media reactor that contains growth media; and
a photobioreactor at least partially immersed in the growth media of the growth
media reactor, the photobioreactor comprising a closed container including multiple
panels that together define an interior space in which algae can be cultivated, at least
one of the panels being transparent, wherein one of the panels includes a porous
membrane filter that enables water, carbon dioxide, and nutrients contained within the
growth media to pass into the interior space but prevents contaminants contained within
the growth media from passing into the interior space, wherein one of the panels
includes a gas control valve that when open enables photosynthetic gas produced by
algae growth within the container to escape but when closed prevents the
photosynthetic gas from escaping so as to build pressure within the container that
forces water out from the container through the porous membrane filter and dewaters
the algae.

2.

The system of claim 1, wherein the growth media reactor is an outdoor,

open-top growth media reactor.

3.

The system of claim 1, wherein the photobioreactor comprises multiple

transparent panels.
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4.

The system of claim 3, wherein the transparent panels are made of a clear

polymeric material.

5.

The system of claim 1, wherein the porous membrane filter has pores that

are less than approximately 1 µm in size.

6.

The system of claim 1, wherein the container includes a bottom panel that

is slanted so as to form an angle with a horizontal plane.

7.

The system of claim 1, wherein the container includes two bottom panels

that are slanted so as to form a V-shaped trough in which algae can settle.

8.

The system of claim 1, wherein the photobioreactor further comprises an

algae extraction port through which dewatered algae can be removed from a bottom of
the container.

9.

The system of claim 1, wherein the gas control valve is an electronically

controlled valve.

10.

The system of claim 9, wherein the photobioreactor further comprises a

controller configured to automatically control opening and closing of the gas control
valve.
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11.

The system of claim 10, wherein the photobioreactor further comprises a

sensor in communication with the controller that senses a parameter of the algae that is
indicative of when the algae is ready for harvesting.

12.

A photobioreactor adapted for immersion in growth media contained within

a growth media reactor, the photobioreactor comprising:
a closed container including multiple panels that together define an interior space
in which algae can be cultivated, at least one of the panels being transparent;
a porous membrane filter incorporated into one of the panels of the container that
enables water, carbon dioxide, and nutrients contained within the growth media to pass
into the interior space but prevents contaminants contained within the growth media
from passing into the interior space; and
a gas control valve incorporated into one of the panels of the container that when
open enables photosynthetic gas produced by algae growth within the container to
escape but when closed prevents the photosynthetic gas from escaping so as to build
pressure within the container that forces water out from the container and dewaters the
algae.

13.

The photobioreactor of claim 12, wherein the photobioreactor comprises

multiple transparent panels.

14.

The photobioreactor of claim 13, wherein the transparent panels are made

of a clear polymeric material.
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15.

The photobioreactor of claim 12, wherein the porous membrane filter has

pores that are less than approximately 1 µm in size.

16.

The photobioreactor of claim 12, wherein the container includes a bottom

panel that is slanted so as to form an angle with a horizontal plane.

17.

The photobioreactor of claim 12, wherein the container includes two

bottom panels that are slanted so as to form a V-shaped trough in which algae can
settle.

18.

The photobioreactor of claim 12, wherein the gas control valve is an

electronically controlled valve.

19.

The photobioreactor of claim 12, further comprising an algae extraction

port through which dewatered algae can be removed from a bottom of the container.

213

Attorney Docket No.: 292105-1010
20.

A method for cultivating and dewatering algae in a photobioreactor, the

method comprising:
seeding an interior space of the photobioreactor with an algal culture;
immersing the photobioreactor within a growth media to enable water, carbon
dioxide, and nutrients contained within the growth media to pass through a porous
membrane filter of the photobioreactor and into the interior space of the
photobioreactor;
exposing the photobioreactor to sunlight to enable algae to grow within the
photobioreactor through photosynthesis;
enabling photosynthetic gas generated from the photosynthesis to escape from
the photobioreactor;
later preventing photosynthetic gas generated from the photosynthesis from
escaping the photobioreactor so as to build pressure within the photobioreactor that
forces water out from the photobioreactor and dewaters the algae; and
removing the dewatered algae from the photobioreactor.
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ABSTRACT
In one embodiment, an algae cultivation system includes a photobioreactor
adapted for immersion in growth media contained within the growth media reactor, the
photobioreactor including a closed container including multiple panels that together
define an interior space in which algae can be cultivated, at least one of the panels
being transparent, a porous membrane filter incorporated into one of the panels that
enables water, carbon dioxide, and nutrients contained within the growth media to pass
into the interior space but prevents contaminants contained within the growth media
from passing into the interior space, and a gas control valve incorporated into one of the
panels that when open enables photosynthetic gas produced by algae growth within the
container to escape but when closed prevents the photosynthetic gas from escaping so
as to build pressure within the container that forces water out from the container and
dewaters the algae.
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Figure A3.1: Figures 1 and 2 submitted for Patent #292105-1010
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Figure A3.2: Figures 3A and 3B submitted for Patent #292105-1010
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Figure A3.3: Figure 4 submitted for Patent #292105-1010
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Figure A3.4: Figures 5A and 5B submitted for Patent #292105-1010
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APPENDIX B: EDUCATIONAL OUTREACH

B1 Aquaponics and the Nitrogen Cycle Lesson Plan
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Figure B1.1: N-Cycle data sheet

227

ABOUT THE AUTHOR

Melanie grew up in Massachusetts, USA and escaped the cold to pursue her B.S. in both
environmental and civil engineering from Florida Gulf Coast University in Fort Myers, FL, USA.
Melanie’s academic interests have focused on water purification systems, with an emphasis on biological
systems. She has since discovered her newfound passion in space research, including the unique
challenges that come with it, and has begun to apply her experiences in the field. Outside of academics
her interests include traveling, kayaking, and exploring the great outdoors. Melanie’s academic interests
include the environmental engineering challenges involved in the better water management strategies to
mitigate climate change impacts. At USF, her work focuses on designing and testing an algae cultivation
system using impaired waters. Currently, she is examining the feasibility of integrating algae membrane
photobioreactors at a local wastewater treatment plant in order to sustainably produce a source of algae
biomass for various bioproducts and/or biofuel.

